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PREFACE 


The  1984  ASME  Symposium  on  Flow-Induced  Vibration  is  a  unique  event  in  the 
annals  of  technical  meetings  organized  by  ASME.  Apart  from  promising  to  be  one  of  the 
most  important  symposia  anywhere  on  this  topic  in  recent  memory  (only  time  will  tell 
exactly  how  important),  it  is  the  first  time  that  such  a  large  symposium  on  the  subject  has 
been  organized  by  ASME.  Furthermore,  it  is  the  first  time  that  no  less  than  six  Divisions 
of  the  ASME  have  cooperated  in  co-sponsoring  a  symposium  on  any  given  subject,  which 
surely  bespeaks  of  the  importance  of  the  subject  matter  of  this  particular  Symposium. 
The  participating  Divisions  are: 

Applied  Mechanics,  Fluids  Engineering,  Heat  Transfer,  Noise  Control  and 
Acoustics,  Nuclear  Engineering,  and  Pressure  Vessels  and  Piping. 

I  should  like  to  thank  them  all,  for  without  their  support  this  Symposium  would  not  have 
been  the  success  that  it  is  promising  to  be. 

The  Proceedings  of  the  Symposium  are  published  in  six  bound  volumes,  containing 
sixty-eight  papers  in  all,  as  follows: 

Volume  1  Excitation  and  Vibration  of  Bluff  Bodies  in  Cross  Flow 
Volume  2  Vibration  of  Arrays  of  Cylinders  in  Cross  Flow 
Volume  3  Vibration  in  Heat  Exchangers 
Volume  4  Vibration  Induced  by  Axial  and  Annular  Flows 
Volume  5  Turbulence-Induced  Noise  and  Vibration  of  Rigid  and  Compliant 
Surfaces 

Volume  6  Computational  Aspects  of  Flow-Induced  Vibration 
The  organization  of  a  Symposium  of  this  size,  with  world-wide  participation  (from  12 
countries),  has  been  both  a  challenging  and  rewarding  experience.  It  entailed  a  great  deal 
of  work  by  many  people:  the  session  developers,  the  reviewers,  ASME  Headquarters'  staff, 
the  1984  WAM  Organizers  and,  of  course,  the  authors.  Of  the  many  people  involved,  too 
numerous  to  mention  by  name  here,  I  am  specially  indebted  to  the  session  developers 
and  co-editors  (0,  M.  Griffin,  M.  Sevik,  M.  K.  Au-Yang,  S.  -S.  Chen,  J.  M.  Chenoweth, 
M.  D.  Bernstein  and  A.  J.  Kalinowski),  and  would  tike  to  single  out  two:  Dr.  M.  K.  Au-Yang 
and  Dr.  S.  -S.  Chen,  whom  I  would  like  to  thank  for  their  unswerving  support  from  the 
very  beginning,  when  the  possibility  of  a  "multidivisional  symposium"  looked  like  a  pie 
in  the  sky!  I  would  also  like  to  thank  my  secretary,  Ruth  Gray,  for  efficiently  handling 
the  enormous  amount  of  paperwork  involved  in  several  passes  of  sixty-eight-plus  papers 
across  my  desk. 


Michael  P.  Paidoussis 
Principal  Symposium  Coordinator 
and  Principal  Editor 


FOREWORD 


The  dynamic  response  of  a  solitary  bluff  body  in  crossflow,  the  forces  exerted  on  the 
body  and  the  fluid  mechanics  of  the  flow  around  it  have  been  studied  very  extensively  and 
for  a  very  long  time,  starting  in  earnest  with  Strouhal's  work  in  1878.  Scientific  fascination 
with  the  subject  goes  back  to  the  time  of  Leonardo  da  Vinci,  and  even  to  the  first  mention 
in  ant!cuity  of  the  wind-induced  vibration  and  sound  of  the  Aeolian  harp.  However, 
despite  the  many  advances  and  insights  gained  through  the  efforts  of  many  researchers 
over  the  years,  and  despite  the  numerous  conferences  and  symposia  either  largely  or 
wholly  devoted  to  flow-induced  vibrations,  thei  still  remain  questions  to  be  answered 
and  new  facets  to  be  explored.  Thus  researchers  remain  both  interested  and  busy  on  this 
subject. 

Not  only  is  there  interest  on  the  dynamics  of  bluff  bodies  in  cross-flow  as  a  funda¬ 
mental  problem  in  fluid  mechanics  and  fluid-elasticity,  but  there  is  also  a  great  deal  of 
interest  from  the  viewpoint  of  engineering  practice.  Indeed,  the  scope  of  practical  investi¬ 
gations  is  increasing  as  the  subject  becomes  important  in  newer  technological  fields,  while 
still  retaining  its  importance  in  the  older,  traditional  areas.  Flow-induced  vibrations  of 
bluff  bodies  in  cross-flow  currently  is  important  in  wind  engineering  and  structural  design, 
naval  and  offshore  technology,  pressure  vessel  and  piping  design,  and  nuclear  engineering, 
to  name  but  a  few.  Each  problem  area  brings  its  own  set  of  peculiarities  and  special  prob¬ 
lems  to  the  subject.  For  example,  the  behaviour  of  bluff  bodies  is  different  in  dense 
fluids,  as  opposed  to  light  fluids,  and  in  two-phase  flows,  it  is  different  in  various  ranges 
of  the  Reynolds  number;  it  depends  on  the  scale  and  level  of  the  turbulence  intensity;  it 
is  different  when  the  separation  points  remain  fixed  during  vibration  (as  with  prismatic 
bluff  bodies);  it  depends  on  whether  body  motions  are  large  or  small;  and  so  on. 

The  fourteen  papers  in  this  volume  give  some  idea  of  the  wide  spectrum  of  the  various 
aspects  and  applications  of  flow-induced  vibration.  Some  papers  deal  with  the  response 
of  cylinders  to  vortex  shedding;  others  with  the  turbulent  buffeting  of  cylindrical  and 
quasi-cylindrical  bodies  in  wind  or  water  currents,  and  with  the  suppression  of  the  wind- 
induced  motions;  with  the  effects  of  high-turbulence  cross-flow-induced  forces  and  vibra¬ 
tion;  and  with  the  presence  of  entrained  air  in  liquid  cross  flows,  in  industrial  environments. 

On  behalf  of  the  Organizing  Committee  of  this  Symposium,  we  thank  the  authors  for 
their  cooperation  in  submitting  papers  of  high  quality  on  the  topic  of  this  Volume  1  of 
the  Proceedings,  Excitation  and  Vibration  of  Bluff  Bodies  in  Cross-Flow.  And  we  com¬ 
mend  them  for  their  willingness  to  participate  and  to  share  their  experience  with  others 
who  are  interested  in  flow-induced  vibrations.  We  also  would  like  to  thank  the  many 
reviewers  for  their  thoughtful  comments,  which  have  contributed  to  the  overall  quality 
of  the  papers  finally  accepted  for  inclusion  in  the  Symposium  and  its  Proceedings. 

M.  P.  Paidoussis 
0.  M.  Griffin 
M.  Sevik 
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VIBRATIONS  AND  FLOW-INDUCED  FORCES  CAUSED  BY  VORTEX  SHEDDING 


O.  M.  Griffin 

Marino  Technology  Division 
Naval  Research  Laboratory 
Washington,  D.  C. 


ABSTRACT 

This  paper  discusses  available  data  for  vortex- induced  lift,  drag,  and  displacement  amplitude  from 
numerous  experiments  which  have  been  conducted  over  the  past  several  years.  Recent  measurements  of 
the  component  of  the  overall  lift  force  which  drives  the  oscillations  are  compared  with  previously-reported 
data.  There  is  good  agreement  which  further  confirms  the  complex  behavior  of  the  lift  force  as  a  circular 
cylinder  undergoes  vortex-induced  vibrations.  It  is  clear  from  the  results  that  there  is  a  limiting  amplitude 
of  vibration  as  the  exciting  force  (and  force  coefficient  CLe)  first  increases  from  zero  to  a  maximum 
( CLE  ~  0.5  to  0.6)  and  then  decreases  again  to  zero  as  the  limiting  vibration  amplitude  (±  1  or  more  diame¬ 
ters)  is  approached.  Recent  measurements  of  the  mean  in-line  drag  forces  on  freely-vibrating  cylinders 
have  shown  that  the  drag  coefficient  is  amplified  by  as  much  as  250  percent  in  water  at  large  vibration 
amplitudes  near  the  limiting  value.  Drag  force  measurements  with  cylinders  which  were  forced  to  vibrate 
under  similar  conditions  yielded  comparable  results.  For  both  the  lift  and  drag  measurements  the  Reynolds 
numbers  were  in  the  range  Re  -  103  to  104  and  slightly  higher.  Thus  the  results  are  suitable  in  many  prac¬ 
tical  applications  for  structures  both  in  air  and  in  water. 

NOMENCLATURE 

Q>.  Co  o  Steady  drag  coefficient  on  a  vibrating  (stationary)  cylinder  or  cable. 

Q  Lift  coefficient;  see  Eq.  (6). 

Q.£  Excitation  lift  f>  rce  coefficient;  see  Eq.  (6). 

D  Body  diameter  tm  or  ft). 

/„  Natural  frequency  in  the  fluid  medium  (IIz). 

/,  Strouhai  fiequency  (Hz). 

/,  Modal  scaling  factor;  sec  Eq.  (4). 

k,  Reduced  damping;  sec  Eq.  (1). 

L  Body  length  (m  or  ft). 

ni'  Cable  physical  mass  per  unit  length  (kg/m  or  lbm/ft). 

m  Cable  virtual  mass  (physical  plus  added  mass)  per  unit 

length  (kg/m  or  lb„/ft). 

P  Power  transmission  to  the  cylinder,  P/p/^D*. 

St  Strouhai  number,  f,D/V. 

Y  Incident  flow  velocity  (m/s  or  ft/sec). 

V,  Reduced  velocity,  V/J„D. 

w,  Response  parameter,  (1+2  Y/D)  ( F,St)-*;  see  Eq.  (10). 

y_  Cross  flow  displacement  (m  or  ft). 

Y  Cross  flow  displacement  amplitude  (m_or  ft). 

Y  Normalized  displacement  amplitude,  Y/D. 

Kjfi  max  Normalized  displacement  amplitude;  see  Eq.  (4). 
z  Coordinate  measurement  along  the  cylinder  or  cable  (m  or  ft). 
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S  Log  decrement  of  structural  damping;  see  Eq.  (1). 

y,  Normalizing  factor;  sec-Eq.  (4). 

4>  Phase  angle  (deg.  or  rad);  see  Eq.  (6). 

jj.  Mass  ratio,  p/)2/8ir2Sf2m;  see  Eq.  (2). 

v  Kinematic  fluid  viscosity  (»i2/sec  or  ft2/sec). 

p  Fluid  density  (kg/m3  or  lbm/ft3). 

ipt(z)  Mode  shape  for  /  th  flexible  beam  mode;  see  Eq.  (3) 

Structural  damping  ratio;  see  Eq.  (2). 

INTRODUCTION 

It  is  often  found  that  bluff,  or  unstreamlined,  structures  display  undesirable  oscillatory  instabilities 
arising  from  their  motion  relative  to  a  surrounding  fluid.  A  common  mechanism  for  resonant,  flow-excited 
oscillations  is  the  organized  and  periodic  shedding  of  vortices  as  the  flow  separates  alternately  from  opposite 
sides  of  a  long,  bluff  body.  These  vortices  result  in  steady  and  unsteady  drag  forces  in  line  with  the  flow 
and  unsteady  lift  or  side  forces  perpendicular  to  the  flow  direction.  If  the  structure  is  flexible  and  lightly 
damped  internally,  then  resonant  oscillations  can  be  excited  normal  or  parallel  to  the  incident  flow  direc¬ 
tion.  For  the  more  common  cross  flow  oscillations,  the  body  and  the  wake  usually  oscillate  in  unison  at  a 
frequency  near  one  of  the  characteristic  frequencies  of  the  structure.  The  shedding  meanwhile  is  shifted 
away  from  the  natural,  or  Strouhal,  frequency  at  which  pairs  of  vortices  would  be  shed  if  the  structure  were 
restrained  from  oscillating.  This  phenomenon  is  known  as  "lock-on"  or  "wake  capture." 

The  vortex-excited  oscillations  of  marine  cables,  commonly  termed  strumminf.  result  in  increased 
steady  and  unsteady  hydrodynamic  forces,  and  amplified  acoustic  flow  noise.  They  sometimes  lead  to  early 
fatigue,  structural  damage  and  to  failure.  Flow-excited  oscillations  very  often  are  a  critical  factor  in  the 
design  of  marine  cable  arrays,  riser  systems,  and  offshore  platforms.  Flow-induced  vibrations  also  cause 
serious  problems  in  nuclear  reactors  and  reactor  components.  In  air,  chimney  stacks,  high-tension  power 
lines  and  bus-bars  commonly  vibrate  due  to  vortex  shedding. 

The  dynamic  analysis  of  structures  and  cable  systems  both  in  air  and  in  water  has  become  an  impor¬ 
tant  consideration  in  the  prediction  of  stress  distributions  and  fatigue  lives.  Reliable  experimental  data  are 
now  reasonably  well  in  hand  for  the  dynamic  response  characteristics  and  flow-induced  forces  on  a  model 
scale.  Based  upon  these  experiments,  semi-empirical  prediction  models  have  been  developed  and  favorably 
compared  with  field  test  data. 

BASIC  CHARACTER  OF  VORTEX  SHEDDING 

The  frequency  /,  of  the  vortex  shedding  from  a  circular  cylinder  is  related  to  the  other  main  flow 
parameters  (/),  the  diameter  of  the  cylinder;  V,  the  flow  velocity)  through  the  nondimensional  Strouhal 
number  defined  as 


The  value  of  the  Strouhal  number  varies  somewhat  in  different  regimes  of  the  Reynolds  number  and  with 
the  shape  of  the  cylinder  (circular,  //-section,  triangular,  etc).  For  the  range  of  the  Reynolds  number 
where  the  Strouhal  number  remains  constant  the  relation  between  the  shedding  frequency  and  the  velocity 
is  linear  for  a  given  cylinder,  i.e. 

f,  -  KV, 

where  K  -•  Si/D.  If  a  cylinder  immersed  in  a  flowing  fluid  is  free  to  oscillate  in  the  cross-flow  direction, 
then  the  latter  relation  does  not  hold  in  the  vicinity  of  the  natural  frequency  of  the  cylinder.  This  reso¬ 
nance  phenomenon-called  "lock-on"  or  "wake  capture’— is  discussed  in  this  paper. 

If  the  Reynolds  number  is  lower  than  about  105,  then  the  vortex  shedding  is  predominantly  periodic 
and  the  value  of  the  Strouhal  number  can  be  assumed  to  be  about  0.2  for  a  circular  cylinder  or  cable. 
Measurements  of  the  frequencies,  displacement  amplitudes  and  forces  which  result  from  vortex-excited 
oscillations  have  been  obtained  by  many  investigators  from  experiments  both  in  air  and  in  water.  Fairly 
detailed  reviews  of  the  basic  aspects  of  the  problem  of  vortex-excited  oscillations  in  general  has  been  made 
recently  by  Sarpkaya  (ll  and  Bearman  (2],  King  (3),  and  Griffin  and  Ramberg  [4,5]  have  discussed  the 
subject  in  the  context  of  ocean  engineering  applications.  Simmons  and  Cleary  [6]  Rawlins  [7],  and  Adami 
and  Batch  [8]  recently  have  discussed  problems  caused  by  vortex  shedding  from  structures  in  air. 
Paidoussis  (9)  has  discussed  the  problem  of  vortex-induced  vibrations  as  one  part  of  an  extensive  review  of 
flow-induced  vibration  problems  in  reactors  and  reactor  components. 
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AMPLITUDES  OF  DISPLACEMENT 


A  typical  structure  used  for  experimental  vortex  shedding  studies  consists  of  a  cylinder  placed  normal 
to  the  flow  and  flexibly  supported  in  some  manner  at  each  end.  Representative  measurements  for  such  a 
cylinder  in  air  have  been  reported  by  Griffin  and  Koopmann  (10)  and  in  water  by  Dean,  Milligan  and  Woot- 
ton  (11).  The  results  obtained  are  generally  the  same  in  both  media.  As  the  incident  flow  velocity  Y,  or 
the  "reduced  velocity"  V,  as  in  Fig.  1,  is  increased  the  unsteady  displacement  amplitude  first  builds  up  to  a 
maximum,  after  which  it  begins  to  decrease  as  the  upper  limit  of  the  resonance  is  approached.  For  one 
example  shown  in  the  figure  theJxcK-on  range,  defined  by  vibration  displacements  greater  than  the 
resonant  threshold  (taken  here  as  2Y/D  -  0.1),  is  given  by  reduced  velocities  between  V,  -  4.5  and  7.5  in 
air,  with  the  maximum  of  Y/b  occurring  at  Vr  ~  6.  For  the  imwater  experiments  the  resonance  range  is 
somewhat  wider,  from  V,  —  4  to  nearly  8,  but  the  peak  value  of  Y/D  again  is  excited  at  Vr  ~  6. 


Fig.  I  —  The  cross  flow  displacement  amplitude,  2  ?/D,  for  a  circular  cylinder  plotted  against 
the  reduced  velocity,  V,  -  from  Ref,  (5). 


The  value  of  F"1  at  the  peak  amplitude  of  displacement  yields  a  Strouhal  number  of  Si  ~  0.17.  This 
is  because  the  oscillation  (and  vortex  shedding)  frequency  at  resonance  is  about  /  -  0.8  to  0.85  /,  at  the 
flow  velocity  F corresponding  to  ?max- 

The  narrow  resonance  band  in  air  is  typical  of  lightly-damped  systems  while  the  more  broad  resonance 
in  water  is  typical  of  systems  with  relatively  higher  structural  damping.  It  can  be  seen  that  even  though  the 
damping  and  mass  ratios  of  the  two  systems  differ  by  factors  of  ten,  the  reduced  damping  (the  product  of  the 
mass  ratio  m/pD2  and  the  structural  damping  ratio  (,)  is  very  nearly  the  same  and  so  are  the  peak  displace¬ 
ment  amplitudes  for  the  two  cases.  This  overall  pattern  of  behavior  is  typical  of  measurements  in  water 
and  in  air  at  all  Reynolds  numbers  where  vortex  shedding  takes  place. 


It  has  been  shown  by  numerous  investigators  that  the  displacement  amplitude  is  a  function  primarily 
of  a  response  or  “reduced  damping"  parameter  of  the  form 

2  mS 


k>- 


pD 2  ' 


The  reduced  damping  can  be  written  in  the  analogous  form 

Ci Ip.  -  2i t  Si2k, 


(1) 

(2) 
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when  the  damping  is  entail  and  £,  «  8/2 jr.  Here  ft  is  an  expression  of  the  mass  ratio.  The  importance  of 
the  reduced  damping  follows  directly  from  resonant  force  and  energy  balances  on  the  vibrating  structure.  It 
is  important  to  note  that  the  damping  coefficients  £ ,  and  8  represent  the  damping  measured  in  still  air.  For 
all  practical  purposes  this  is  then  equivalent  to  in  vacuo  structural  damping.  Moreover,  the  relation 
between  >'max  and  A-,  or  £jfi  holds  equally  well  for  flexible  cylindrical  members  with  normal  mode  shapes 
given  by  t//,(r),  for  the  a  th  mode. 

If  the  cross  flow  displacement  (from  equilibrium)  of  a  flexible  structure  with  normal  modes  ipt(z)  is 
written  as 


y i  —  Yt//,(z)  sin  tot  (3) 

at  each  spanwisc  location  r,  then  the  peak  displacement  is  scaled  by  the  factor 

^eff.max  "  >'maxV/VIi|<,(z)Imax  “  TMA x/»  Y—Y/D,  (4a) 

where 

/(„  \ 
fa  dz 
and 

^/(-JImax 
Y> - 7175 - • 

The  effective  displacement  amplitude  Kppp  is  a  scaled  version  of  the  displacement  amplitude  ?MAX  which  is 
derived  from  considerations  based  on  several  versions  of  the  so-called  "wake  oscillator"  approach  to  model¬ 
ling  vortex-excited  oscillations  112,13). 

Experimental  data  for  KE pr  as  a  function  of  £,ln  are  plotted  in  Fig.  2.  These  results  encompass  a 
wide  range  of  single  cylinders  of  various  configurations  and  flexure  conditions  at  Reynolds  numbers  from 
300  to  106.  For  all  of  the  data  points  plotted  in  Fig.  2  the  damping  coefficients  £s  and/or  8  were  measured 
in  still  air.  This  should  minimize  any  further  misconceptions  among  other  investigators  who  have  discussed 
various  versions  of  this  figure.  The  various  types  of  structures  represented  by  the  data  points  available 
through  1982  are  given  by  Grif’n  and  Ramberg  [5).  As  a  typical  example,  the  deflections  of  a  flexible  can¬ 
tilever  in  the  fundamental  mode  have  been  measured  under  a  variety  of  conditions.  I’eak-to-peak  displace¬ 
ments  as  great  as  two  to  four  diameters  in  water  were  measured  for  length/diameter  ratios  up  to  about  250. 
All  available  experiments  conducted  to  date  indicate  that  the  limiting  unsteady  displacement  amplitude  for  a 
flexible  circular  cylinder  is  about  YErF  “  ±  1  to  1.5  at  the  lowest  values  of  reduced  damping. 
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Fig.  2  —  The  maximum  peak-to-peak  cross  flow  displacement  amplitude,  2  KtFp  MAx-  of  circular 
cylinders,  scaled  as  in  Eq  (4),  as  a  function  of  the  reduced  damping.  (,  —  2r The  complete 
legend  for  the  data  points  is  given  in  Ref.  (5),  except  for  the  recent  data  of  Moe  (1982).  Q  and  of 
Every  and  King  (1974),  O. 
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The  most  recent  measurements  in  water  shown  in  Fig.  2  have  been  provided  by  Every  and  King  114) 
and  by  Moe  115]  and  are  given  by  the  symbols  O  and  Q  respectively.  Both  provide  additional  confirmation 
of  the  earlier  trends  shown  in  the  figure.  It  is  interesting  to  note  that  the  reduced  damping  can  increase 
from  {,/m  ■»  0.01  to  0.5  (a  factor  of  fifty)  and  the  displacement  amplitude  decreases  only  from  two  or  three 
diameters  to  one  diameter  (a  nominal  factor  of  only  two  or  three).  This  is  why  it  is  difficult  to  suppress  the 
in-water  oscillations  by  means  of  mass  and  damping  control.  Recent  discussions  of  the  suppression  of 
vortex-excited  oscillations  in  water  are  given  by  Every,  King  and  Griffin  (14,16)  and  by  Zdravkovich  (17). 

The  situation  is  somewhat  different  in  air  as  shown  in  Fig.  3,  which  has  been  adapted  from  Adami  and 
Batch  (8).  The  vibrations  of  a  model  bus-bar  (L/D  -  114)  were  measured  in  a  wind  tunnel  with  different 
end  fixities.  For  the  conditions  tested  the  vibrations  were  nearly  independent  of  the  mode,  end  conditions 
and  the  aspect  ratio  (8).  The  solid  iine  in  the  figure  is  the  prediction  118] 

>max/Z>  “  [[  +o.43  (4tt  SlhnS/pD2)))}>'  (S) 


Fig.  3  -  The  cross  flow  pcak-to-pcak  displacement  amplitude,  2 ?/£>.  for  flexible  cir¬ 
cular  cylinders  in  a  wind  tunnel  as  a  function  of  the  reduced  damping, 
k,  -  adapted  from  Adami  and  Batch  0981). 


This  is  a  least-squares  fit  to  the  data  in  Fig.  2  which  were  available  in  1977.  Other  virtually  identical  predic¬ 
tion  curves  derived  by  different  methods  have  been  proposed  by  Sarpkaya  (1)  and  Blevins  (19).  The  vari¬ 
ous  approaches  taken  are  discussed  by  Paidoussis  (9j.  The  data  plotted  in  Fig.  3  arc  typical  of  those 
obtained  in  air  and  would  fall  toward  the  right-hand  side  of  Fig.  2.  In  that  region  the  displacement  ampli¬ 
tude  is  strongly  dependent  on  the  reduced  damping.  Control  of  the  mass  and  damping  of  the  member  then 
provides  a  means  for  suppressing  the  vibrations. 
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These  results  have  been  obtained  both  in  air  and  in  water,  even  though  the  mass  ratios  of  vibrating 
structures  on  the  tv/o  media  differ  by  two  orders  of  magnitude.  For  typical  structures  vibrating  in  water  the 


mass  ratio 


PD* 


varies  from  slightly  greater  than  1  to  about  5;  in  air  the  mass  ratios  corresponding  to  Fig.  2 


typically  vary  from  -  15  to  500. 


LIFT  FORCES 

When  a  cylindrical  body  resonantly  vibrates  due  to  vortex  shedding,  the  periodic  motion  is  accom¬ 
panied  by  increased  coherence  of  the  vortex  shedding  spanwise  along  the  body  and  by  an  amplification  of 
the  unsteady  fluid  forces.  Although  some  measurements  of  the  forces  have  been  made,  only  recently  has 
attention  been  given  to  understanding  the  mechanisms  by  which  this  fluid-structural  interaction  force  is 
generated  and  how  the  fluid  forces  may  be  scaled  with  some  confidence  to  large  Reynolds  numbers. 

The  total  fluid  force  which  acts  on  a  resonantly  vibrating,  cylindrical  structure  due  to  vortex  shedding 
can  be  divided  into  several  components  (20,21),  which  are: 

•  An  exciting  force  component,  by  which  energy  is  transferred  to  the  structure; 

•  A  reaction,  or  damping  force,  which  is  exactly  out-of-phase  with  the  structure’s  velocity; 

•  An  "added  mass"  force,  which  is  exactly  out-of-phase  with  the  structure’s  acceleration;  and 

•  A  flow-induced  inertial  force. 

These  various  components  can  be  deduced  from  the  total  hydrodynamic  force  as  measured,  say,  by  Sarp- 
kaya  (1)  or  the  various  components  can  be  measured  individually  as  was  done  by  Griffin  and  Koopmann 
1 10],  for  example.  The  present  discussion  will  deal  essentially  with  the  exciting  force. 

The  excitation  component  of  the  total  unsteady  hydrodynamic  force  is  defined  as 

CLE  -  CL  sin  <t>  (6) 

and  is  important  because  it  is  the  component  of  the  total  force  that  transfers  energy  to  the  vibrating  struc¬ 
ture.  Here  is  the  phase  angle  between  the  hydrodynamic  force  coefficient  Q,  and  the  motion  of  the 
structure.  A  relatively  iarge  number  of  measurements  of  Ci£  by  various  means  are  plotted  against  the 
effective  displacement  amplitude  Feff  in  Fig.  4.  Tabic  1  describes  the  various  conditions  under  which  the 
experimental  results  were  obtained.  Several  important  characteristics  of  the  unsteady  lift  and  pressure 
forces  that  accompany  vortex-excited  oscillations  are  clear  from  the  results.  First  there  is  a  maximum  of 
the  excitation  force  coefficient  at  a  peak-to-peak  displacement  amplitude  of  between  0.6  and  I  diameters  for 
all  the  cases  shown  in  the  figure.  Second,  the  maximum  of  the  force  coefficient  is  approximately  CLE  -  0.5 
to  0.6  for  all  but  one  case;  the  exception  is  the  single  result  of  CEE  -  0.75.  ClE  then  decreases  toward  zero 
and  results  in  a  limiting  effective  displacement  amplitude  between  two  to  three  diameters.  This  limiting 
amplitude  is  clearly  shown  at  the  low  values  of  reduced  damping  in  Fig.  2.  Similar  behavior  in  the  pressure 
coefficient  measured  near  the  separation  point  on  a  forced-vibrating  cylinder  was  obtained  by  Bearman  and 
Currie  (22). 

Vortex-induced  vibrations  cause  energy  to  be  transferred  to  the  cylindrical  structure.  This  is  caused  at 
resonance  by  the  excitation  force  component  plotted  in  Fig.  4.  A  number  of  measurements  of  aerodynamic 
power  have  been  made,  primarily  in  the  study  of  electrical  transmission  line  vibrations,  see.  for  example, 
the  paper  by  Simmons  and  Cleary  (61.  The  time-averaged  power  input  /’over  a  cycle  of  the  oscillation  is 


P  “  tif  Fi  F  sin  <5 

when  the  displacement  of  the  cylinder  is 

(7) 

yU)  -  F  cos  In  ft 

and  the  lift  force  is 

(8a) 

F(t)  -  Fl  cos  (2 tt/i  +  0). 

In  nondimensional  terms  Eq.  (7)  reduces  to 

(8b) 

r- 

(9a) 
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Fig.  4  —  The  excitation  component,  Cic,  of  the  lift  force  plotted  against  the  displacement  amplitude 
2 1'n  r.MAX'  scaled  as  in  Eq.  (4).  The  legend  for  the  data  points  is  given  in  Table  I. 


Table  1 

The  Excitation  Force  Coefficients  on  Vibrating  Bluff  Cylinders; 


Description  of  the  Data  in  Fig.  4 

Symbol 

Type  of  cylinder  Medium 

Cylinder  material 

Invcstigator(s) 

A 

■ 

Flexible 

cantilever 

Water 

PVC 

PVC 

Aluminum 

Stainless  steel 

King  (1977) 

O 

Pivoted 
rigid  cylinder 

Water 
&  Air 

Brass 

Vickery  and 

Watkins  (1964) 

+ 

Spring-  mounted 
rigid  cylinder 

Air 

Aluminum  tubing 

Griffin  and 
Koopmann  (1977) 

9 

Rigid  cylinder, 

forced 

oscillations 

Water 

Aluminum  tubing 

Sarpkaya  (1978) 

A 

Flexible 

cantilever 

Air 

Aluminum 

Harden,  Baines 
and  Currie  (1968) 

• 

Flexible 

cylinder 

Air 

Farquharson 
and  McHugh 
(1956)t 

o 

tQuoted  by  Simmons  and  Cleary. 

Rigid  cylinder, 

forced 

oscillations 

Air 

Brass 

Simmons  and 

Cleary  (1979) 
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or,  equivalently, 


P-fYCLE  V?.  (9b) 

Several  examples  of  the  measured  and  predicted  time-average  power  P  are  given  in  Fig.  5.  The  meas¬ 
ured  values  are  from  Simmons  and  Cleary  and  from  Farquharson  and  McHugh.  The  latter  examples  were 
reduced  by  Simmons  and  Clearly  from  Ref.  (23).  The  measured  and  predicted  values  are  virtually  indistin¬ 
guishable  for  the  case  Vr  -  6.  The  predictions  of  P  are  based  upon  a  least-squares  fit  to  the  data  in  Fig.  4. 
As  shown  in  Fig.  1  this  condition  is  representative  of  the  maximum  power  transmission  in  both  air  and 
water.  The  example  given  here  is  for  the  case  of  a  vibrating  transmission  line  in  air,  but  a  similar  approach 
could  be  used  to  predict  the  hydrodynamic  power  transmission  to  and  acoustic  radiation  from  an  oscillating 
member  in  water. 


Fig.  5  —  The  measured  and  predicted  time-averaged  power  transmission,  P,  to  a  vibrating  circular 

cylinder  plotted  against  the  displacement  amplitude,  t/D.  — - — ,  Farquharson  and  McHugh 

(1956),  from  Simmons  and  Cleary  (1979);  »,  Simmons  and  Cleary  (1979). 


DRAG  FORCES 

An  important  consequence  of  the  resonant  cross  flow  oscillations  of  structures  and  cables  due  to  vor¬ 
tex  shedding  is  an  amplification  of  the  steady  drag  force  (or  equivalently  the  drag  force  coefficient  Cg). 
The  drag  amplification  under  a  variety  of  conditions  has  been  measured  and  the  results  have  been  summar¬ 
ized  by  Griffin  and  Ramberg  (SI.  A  step-by-step  method  for  employing  these  measurements  in  the  analysis 
of  marine  cable  structures  was  developed  by  Skop,  Griffin  and  Ramberg  (IB).  One  step  in  the  method  uses 
Eq  (5)  to  predict  the  cross  flow  displacement  amplitude  of  the  member.  This  procedure  has  been  extended 
to  the  case  of  flexible,  cylindrical  marine  structures  by  Griffin  (4)  in  a  study  of  OTEC  cold  water  pipe  vibra¬ 
tions.  Measurements  of  the  drag  coefficient  more  recent  than  those  discussed  by  Griffin  and  Ramberg  are 
presented  here. 
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Measurements  of  the  vortex-induced  cross  flow  vibrations  of  model  marine  piles  were  made  by 
Fischer,  Jones  and  King  [26,27).  The  steady  deflection  at  the  free  end  of  the  model  pile  also  was  meas¬ 
ured;  in  this  case  the  model  was  a  simple,  uniform  cantilever  beam  with  no  tip  masses,  fully  immersed  in 
water,  and  normal  to  the  incident  flow.  For  low  flow  velocities  the  measured  and  predicted  tip  deflections 
coincided  when  the  pile  was  effectively  stationary.  The  deflection  was  predicted  by  assuming  a  uniform 
leading  function 

w( at)  -  1/2  pV>DCD(x) 

over  the  length  of  the  flexible  beam  in  which  the  drag  coefficient  Co(x)  was  a  constant,  CD  -  1.2. 

When  the  critical  flow  velocity  for  the  onset  of  the  vortex-induced  vibrations  was  exceeded,  the  meas¬ 
ured  steady  deflections  in  line  with  the  flow  departed  significantly  from  the  predicted  reference  curve.  One 
example  of  the  results  obtained  is  given  in  Fig.  6.  For  the  lower  values  of  relative  density  the  flow  veloci¬ 
ties  above  the  threshold  value  caused  steady  deflections  of  up  to  twice  the  model’s  value  predicted  by 
assuming  CD  -  1.2.  For  the  higher  values  of  relative  density,  ihe  steady  deflections  of  the  model  diverged 
from  the  predicted  curve,  reached  a  maximum  as  shown  in  Fig.  6,  and  then  returned  to  the  predicted  curve 
as  the  flow  velocity  was  increased  still  further.  The  region  of  divergence  corresponds  directly  to  the  range 
of  resonant,  large  amplitude  cross  flow  vibrations.  For  example,  the  tip  of  the  SG  -  3.5  pile  was  deflected 
in  line  about  1.3  diameters  at  a  water  velocity  V  of  0,6  kt  (0.3  m/s).  At  this  same  flow  velocity  the  cross 
flow  displacement  amplitude  was  ±1.5  diameters.  When  the  pile  was  restrained  from  oscillating,  the  steady 
in-line  deflection  of  the  tip  was  predicted  to  be  0.6  diameters  at  the  same  flow  velocity.  The  predicted  tip 
deflections  in  Fig.  6  were  computed  using  an  approach  which  is  discussed  by  Every,  King  and  Griffin  [161. 


Fig.  6  —  The  predicted  and  measured  steady  tip  deflection,  1J D%  for  a  vibrating  flexible  cantilever 

in  water;  from  Every,  King  and  Griffin  0982).  Relative  density  of  the  beam,  SG  ~  3  5, - 

—  — ,  beam  restrained  from  oscillating,  Q>o”  f-2- 


The  mean  vortex-induced  drag  coefficient  CD  on  a  freely-oscillating,  spring-mounted  cylinder  is  plot¬ 
ted  against  the  reduced  velocity  V,  in  Fig.  7.  The  measurements  were  made  by  Overvik  [28)  as  a  baseline 
case  in  a  more  extensive  study  of  the  effects  of  vortex  shedding  on  marine  risers.  The  drag  on  the  cylinder 
clearly  undergoes  a  resonant-like  behavior  in  much  the  same  manner  as  the  cross  flow  displacement  ampli¬ 
tude.  Comparable  measurements  by  Overrik  of  the  displacement  amplitude^/ £>  correspond  directly  with 
the  behavior  of  the  drag  coefficient  CD.  At  the  peak  value  of  the  response,  ?  ~  1.1  D,  the  drag  coefficient 
on  the  vibrating  cylinder  is  Q>  «•  2.5.  This  is  an  amplification  of  about  250  percent,  which  is  of  sufficient 
magnitude  to  cause  serious  problems  for  the  designer  of  marine  structural  members  of  cylindrical  cross  sec¬ 
tion.  Less  severe  problems  develop  in  the  case  of  structures  in  air  because  of  the  smaller  vibration  ampli¬ 
tudes  which  are  common  there. 

The  drag  amplification  Cd/Dd o,  where  Cpo  is  ihe  drag  coefficient  for  the  stationary  cylinder,  from  a 
variety  of  recent  experiments  is  plotted  in  Fig.  8  as  a  function  of  the  "wake  response"  parameter 

w,  -  (I  +  2  Y/D)  ( (10) 

This  parameter  was  introduced  by  Skop,  Griffin  and  Ramberg  (18)  as  a  means  for  correlating  the  drag 
amplification  that  accompanies  vortex-induced  vibrations.  In  the  particular  form  shown  the  factor  Sr1  acts 
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DRAG  AMPLIFICATION,  CD/C 00  a  DRAG  COEFFICIENT, 
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[.  7  -  The  drag  coeflicienl,  CD,  plotted  against  the  reduced  velocity,  P„  for  a  spring-mounted  oc¬ 
ular  cylinder;  from  Overvik  (1982).  Peak  cross  flow  displacement  amplitude,  ?  -  ±  I  to  1.IA 


Fig.  8  —  The  drag  coefficient  amplification,  Q>/ Cpp,  plotted  as  a  function  of  the  wake  response 
parameter,  w,  -  (1  +  2Y/D)  (Si  P,)-',  for  the  cross  flow  vibrations  of  a  circular  cylinder.  The 
legend  for  the  data  points  is  given  in  Table  2. 
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Table  2 

Drag  Force  Amplification  on  Vibrating  Circular  Cylinders; 
_ Description  of  the  Data  in  Fig.  8 _ 


Symbol 

Medium 

Type  of  Vibration 

WiW-Uli-flf.TWMl 

© 

Air 

Cross  flow, 
forced 

Griffin  and 
Ramberg  (1975) 

A 

Water 

Cross  flow, 
forced 

Sarpkaya  (1977) 

O 

Water 

Cross  flow, 
forced 

Schargel  (1980) 

X 

Water 

Cross  flow, 
free 

Overvik  (1982) 

©,© 

Water 

Cross  flow, 
free 

Moe  (1982) 

to  correct  for  any  variations  in  Strouhal  number  (and  Reynolds  number)  among  the  various  sets  of  data. 
All  of  the  data  in  Fig.  8  refer  to  conditions  of  lock-in  between  the  vortex  and  vibration  frequencies.  A  pre¬ 
vious  drag  amplification-wake  response  plot  was  used  by  Every,  King  and  Griffin  (16)  for  the  predictions 
shown  in  Fig.  6. 

It  is  interesting  to  note  the  variety  of  data  which  are  correlated  in  the  figure.  For  instance,  the  drag 
coefficients  from  Grifiin  and  Ramberg  (291  were  derived  from  wake  measurements  with  a  forced-vibrating 
cylinder  in  air.  The  drag  measurements  from  Sarpkaya  (301  and  Schargel  (31)  were  made  on  a  forced- 
vibrating  cylinder  in  water.  Moe  [IS]  and  Overvik  (281  measured  the  drag  on  a  freely-vibrating  cylinder  in 
water.  All  of  these  different  experiments  resulted  in  substantial  amplifications  of  the  drag  coefficient,  with 
C/)/Q> o  >  2  not  uncommon  for  both  free  and  forced  vibrations  in  water. 

Similar  levels  of  hydrodynamic  drag  amplification  were  measured  during  the  recent  field  experiments 
reported  by  Vandiver  and  Griffin  [32,331.  Both  a  23  m(75  ft)  long  pipe  and  a  cable  with  and  without 
attached  masses  underwent  large-amplitude  vibrations  (K  ~  ±  ID)  due  to  vortex  shedding  in  a  steady 
current.  Mean  drag  coefficients  of  Q>  -  2.4  to  3.2  were  measured  during  the  time  intervals  when  the  pipe 
and  cable  were  oscillating  at  these  large  amplitudes.  In  another  recent  series  of  experiments  Davies  and 
Daniel  1341  measured  the  strumming  vibrations  of  submersible  umbilical  cables.  The  model  cable  of  L/D 
“  100  to  300,  which  was  tested  in  a  large  water  channel,  consistently  was  excited  into  large-amplitude  cross 
flow  oscillations  which  were  comparable  in  level  to  those  reported  by  Vandiver  and  Griffin.  Consequently 
the  normal  mean  drag  coefficients  measured  by  Davies  and  Daniel  were  in  the  range  CD  -  2.5  to  3.4.  This 
is  an  amplification  factor  of  2  to  2.8. 

The  overall  implications  for  practical  applications  are  that  the  relatively  large  amplitudes  of  vibration 
caused  by  vortex  shedding,  and  the  amplifications  of  the  unsteady  and  steady  fluid  forces  which  are  a  conse¬ 
quence  of  the  vibrations,  can  cause  both  large  steady  deflections  and  stresses  and  lime  dependent,  fatigue- 
related  unsteady  forces  and  stresses. 

SUMMARY  AND  CONCLUDING  REMARKS 

Until  recent  years  problems  associated  with  vortex  shedding  were  given  scant  attention  or  approached 
on  an  ad  hoc  case-by-case  basis,  largely  because  reliable  experimental  data  and  design  procedures  were  not 
available  for  general  use.  However,  the  dynamic  analysis  of  modern  structures  and  cable  systems  has 
become  increasingly  important  and  modern  in  order  to  predict  stress  distributions  and  operational  lifetimes 
in  hostile  environments.  This  is  largely  because  the  amplitudes  of  vibration  for  a  cylindrical  structure  such 
as  a  riser  or  pipeline  in  water  are  an  order  of  magnitude  greater  than  for  a  similar  structure  in  air.  The 
small  mass  ratio  (structure  to  displaced  fluid)  in  water  produces  small  values  of  the  reduced  damping 
which  in  turn  result  in  the  relatively  large  vibration  amplitudes  shown  here  in  Fig.  2. 

There  is  a  large  range  of  reduced  damping  over  which  bluff  cylindrical  structures  in  water  undergo 
large-amplitude  vibrations  due  to  vortex  shedding.  Thus  it  is  not  possible  to  suppress  these  oscillations  by 
means  of  mass  and  damping  control,  and  some  form  of  external  device  such  as  a  helical  strake  winding  or 
fairing  is  required.  The  component  of  the  lift  coefficient  which  drives  the  motion  is  increased  by  vibration, 
as  is  the  mean  in-line  drag  coefficient  which  is  increased  by  as  much  as  250  percent. 
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Structures  in  air  experience  vibration  amplitude  levels  much  smaller  in  magnitude,  and  consequently 
the  drag  amplification  is  not  as  extreme  as  in  water.  Mass  and  damping  control  often  are  used  to  suppress 
the  tn-atr  vibrations  of  such  members  as  bus-bars  and  power  transmission  lines;  external  devices  such  as 
helical  strakes  arc  often  used  on  chimney  stacks  and  the  protruding  legs  of  jack-up  drilling  rigs  under  tow. 
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ABSTRACT 

Fluctuating  lift  and  drag,  as  well  as  steady  drag  force  'fficients  are 
presented  which  were  obtained  in  water  flows  with  Reynolds  nr"! v  s  in  the  range 
3  x  1(T  to  2  x  10  .  Turbulence  intensities  were  varied  frt  „  5  to  15%  while 
Integral  scale  lengths  ranged  from  0.5  to  2  tube  diameters.  The  turbulence 
generated  is  described  and  the  method  of  force  measurement  is  outlined. 
Empirical  bounds  on  the  force  spectra  are  given,  and  available  information  on 
spanwlse  correlation  lengths  are  identified  so  that  the  data  can  be  used  to  make 
RMS  vibration  response  predictions  where  fluid-structure  interaction  does  not 
occur. 

1.  INTRODUCTION 

The  response  of  a  circular  cylinder  to  flow  normal  to  its  longitudinal 
axis,  called  crossflow,  Involves  very  complex  physical  phenomena.  However,  a 
single  tube  in  crossflow  is  not  an  uncommon  reactor  geometry  and  a  sometimes 
strong  fluid  excitation  mechanism,  vortex  shedding,  exists.  Therefore  the 
associated  response  must  be  accounted  for  in  fatigue  or  fretting  and  wear 
design.  Several  methods  of  response  analysis  and  bodies  of  data  describing  the 
fluid  forces  are  available.  Although  the  methods  of  structural  analysis  are 
classical,  the  applicability  of  the  force  data  available  and  the  modeling  of  the 
fluid-structure  interaction  are  controversial. 

To  date,  most  force  data  have  been  obtained  for  cylinders  with  very  smooth 
surfaces  subject  to  the  two-dimensional  (uniform),  very  low  turbulence, 
crossflow  producible  in  wind  and  water  tunnels.  These  conditions  shall  be 
referred  to  as  "ideal  crossflow."  For  ideal  crossflow,  large  responses  are 
predictable,  especially  when  the  frequency  of  the  vortex  shedding  and  the 
natural  frequency  of  the  structure  coincide  (lock-in)  (1).  However,  not 
uncommonly,  reactor  scale  model  response  measurements  with  potentially 
detrimental,  but  other  than  ideal,  crossflow  conditions  show  only  low  level 
random  motion  [2]  with  no  hint  of  periodic  vortex  shedding  induced  excitation. 
In  short,  current  design  methods  based  on  ideal  crossflow  information  appear 
conservative. 

As  more  and  more  knowledge  is  gained  about  the  crossflow  induced  forces, 
design  methods  can  be  made  more  system  specific,  and,  as  a  result,  less 
conservative.  Toward  that  goal,  an  experiment  was  performed  to  obtain 
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additional  fluctuating  lift  and  drag  force  data  for  a  rigid,  smooth  surfaced 
cylinder  in  flows  with  different  free  stream  turbulence  typical  of  those 
expected  in  power  generation  systems.  Although  many  other  factors  can  influence 
the  fluid  forces,  free  stream  turbulence  was  identified  for  study  first,  because 
highly  turbulent  flows  are  the  norm  in  heat  generation  and  exchange  systems. 

2.  TURBULENCE  EFFECTS 

Assuming  no  fluid-structure  interaction  (lock-in);  prediction  of  the 
dynamic  (RMS)  response  of  a  cylinder  in  crossflow  requires,  at  a  minimum, 
knowledge  of  the  fluctuating  lift  and  drag  force/length  coefficients,  C^  and  C^, 
spanwise  correlation  lengths,  tc,  and  single  point  spectral  densities,  and 
<{>0.  For  ideal  crossflow,  quantitative  characterization  is  available  and  the 
fluid  forces  are  of  three  different  types  for  three  distinct  Reynolds  number 
ranges.  In  the  subcritical  range,  105  <  NR  <  2  x  10  ,  where  the  attached 
boundary  layer  is  laminar,  the  forces  are  nearly  periodic  and,  for  example  Jlc  ~ 
6  D  [3],  C^  ~  0.5  (see  Fig.  1),  and  the  vortex  shedding  frequency  is  determined 
by  a  Strouhal  number  S  ~  0.2  (see  Fig.  2),  In  the  transcritical  range,  NR  >  3  x 
10  ,  where  the  attached  boundary  layer  is  turbulent,  the  forces  are  narrow  band 
random  in  character  and  ic  ~  D.  The  lift  coefficient,  for  example,  is  smaller 
(C,  ~  0.1)  and  the  shedding  frequency  Is  centered  around  S  =  0.26.  In  the 
critical  through  the  supercritical  range,  2  x  l(r  <  NR  <  3  x  10  ,  where  the 
attached  boundary  layer  is  in  transition,  the  forces  are  wide  band  random  in 
character  with  the  smallest  force  coefficients  and  the  shortest  correlation 
lengths  (*c  <  D)  [5] . 

Adding  turbulence  to  otherwise  ideal  crossflow  is  known  to  change  the  fluid 
forces  in  several  ways,  but  not  as  much  quantitative  information  characterizing 
the  forces  is  available  as  for  ideal  crossflow.  One  reason  for  the  deficiency 
is  logistical:  different  turbulence  intensities  I  and  length  scales  L  produce 
different  results.  Eor  instance,  the  addition  of  turbulence  to  the  free  stream 
has  been  known  (14) ,  for  a  long  time,  to  shift  the  critical  range  to  smaller  (up 


Fig.  1.  (a)  Total  lift  force  coefficients  C^.  (b)  Narrow  band  lift 

coefficients  Gyp.  Idhal  crossflow  curves:  1  [13),  2  [12],  3  [11), 

4  [10];  5  [7],  and  6  (9),  Upper  bound  curve - for  ideal 

crossflow  data.  See  Table  t  for  turbulent  flow  data  notation. 


The  author  was  made  aware  of  very  recent  and  pertinent  experimental  results 
[27)  which  could  not  be  included. 
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CL  ~  0.5,  although  the  pressure  spectral  peaks  were  lowered  and  broadened  In 
comparison  to  those  of  ideal  flow.  The  fluctuating  drag  coefficient  in 
turbulent  flow  (Cp  ~  0.25)  was  considerably  higher  than  that  measured  in  ideal 
flow  (Cp  ~  0.05).  The  large  intensity,  the  broad  drag  spectrum,  and  the  lack  of 
a  spectral  peak  at  twice  the  Strouhal  frequency  were  attributed  to  the  dominance 
of  the  incident  turbulence  over  the  vortex  shedding  in  producing  the  fluctuating 
drag  force.  The  influence  of  the  incident  turbulence  was  also  reflected  in  the 
spanwise  correlations  of  the  lift  and  drag  which  were  nearly  equal  to  the 
spanwise  scale  for  homogeneous  turbulence,  1/2  L. 

For  I  »  0.095,  0.16  D  <  L  <  1.3  D,  the  fluctuating  lift  and  drag  forces  on 
isolated  spans  were  measured  [21]  with  a  force  transducer  over  the  Reynolds 
number  3  x  104  <  NR  <  5  x  10  .  Because  blockage  of  the  cylinder  in  the  water 
tunnel  was  16X,  the  force  coefficients,  as  expected,  were  higher  than  for  an 
isolated  cylinder;  for  example  Cp  ~  1.0  for  ideal  flow  at  NR  “  4  x  10  . 
However,  the  variations  in  the  data  with  turbulence,  Nr>  and  active  span  lengths 
were  revealing.  In  turbulent  flow  at  Nj  •  4  x  1041,  the  lift  coefficient  was 
half  of  that  in  smooth  flow,  in  contrast  to  [20).  The  spectral  content  was  only 
quasi-periodic,  closer  to  a  Gaussian  random  than  periodic.  The  critical  range 
was  shifted  to  lower  NR  by  the  addition  of  turbulence  in  the  flow,  and  by  NR  = 
105  the  lift  force  was  wide  band  random  in  spectral  content.  These  trends  are 
similar  to  the  effects  of  turbulence  on  the  steady  drag  and  surface  pressure 
discussed  previously.  Also  of  interest,  the  magnitude  of  Cp  was  a  function  of 
the  active  span  length  of  the  force  measurement  system.  With  a  change  in  active 
span  lengths  from  3  D  to  D,  the  coefficient  was  increased  by  a  factor  between  2 
and  3,  depending  on  NR, 

3.  EXPERIMENT  DESIGN 

A  flow-induced  vibration  test  facility  (FIVTF)  was  available  which  could 
pump  ~  8,000  gpm  (0.5  m3/s)  of  water,  with  an  available  head  of  ~  75  lb/in. 
(0.52  mPa),  through  an  18-in.  (0.46-m)  pipe.  Heat  exchangers  provided  constant 
temperature  control  near  room  temperature.  A  12-in.  (0.31-m)  square  liner  was 
Inserted  in  the  pipe  to  form  a  flow  channel  upstream  and  downstream  of  a  similar 
sized  turbulence  generator  section  and  a  test  section.  A  1-in.  (25.4  mm) 
diameter  cylinder  was  mounted  in  crossflow  and  flow  turbulence  measurements 
could  be  made  through  view  ports  of  the  test  section  using  a  Laser-Doppler 
anemometer.  Deionized  water,  with  15-megohm  resistance,  was  used  to  maintain 
water  quality  and  instrumentation  isolation.  Reynolds  numbers  in  the  range  2  x 
104  <  N„  <  2  x  105  could  be  attained  with  the  system  described.  Reynolds 
numbers  in  reactor  flows  are  typically  in  this  range  or  larger. 

Testing  in  both  the  smooth  (nonturbulent)  flow  conditions  of  a  water  tunnel 
with  grids  added  to  produce  the  desired  turbulence  would  have  been  desirable. 
But  an  expansion  and  contraction  section  was  not  available  nor  affordable. 
Instead,  by  including  ~  20  ft  (6.1  m)  of  channel  upstream  of  the  test  section, 
nearly  fully  developed  pipe  flow  was  attained  (grid  OP  in  Table  1)  at  the 

Table  1.  Grid  and  turbulence  characteristics 


Grid  No. 


(X  (mm)) 

Symbol 

IX 

L  (mm) 

d  (mm) 

b  (mm) 

SB 

^D0 

CDC 

OP 

0 

3 

51-54 

- 

- 

0 

0.100 

0.15 

HC 

0 

1-2 

40-85 

- 

- 

0 

0.100 

0.15 

2(493) 

□ 

4-5 

12-14 

17.4 

8.9 

0.58 

0.032 

0,09 

24(191) 

€> 

8-10 

6-12 

22.6 

8.9 

0.50 

0.010 

0.05 

24(107) 

9 

12-18 

7-28 

22.6 

8.9 

0.50 

0.014 

0.06 

52(493) 

A 

10-11 

23-27 

26.7 

25.4 

0.75 

0.027 

0.08 

52(338) 

V 

13-15 

23-30 

26.7 

25.4 

0.75 

0.026 

0.08 
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location  of  Che  test  cylinder.  To  produce  less  turbulent  flows  (22],  two 
honeycombs  in  series  could  be  Inserted  7.25  ft  (2.21  m)  upstream  of  the  test 
cylinder.  The  upstream  honeycomb  of  the  flow-smoothing  device  (grid  HC  in 
Table  1)  had  6-in.  (152-mm)  long  hexagonal  cells  with  0.25-in.  (6.4-mm)  wide 
flat  sides  which  were  0.002-in.  (0.051-mm)  thick.  Located  0.125  in.  (3.2  mm) 
downstream,  Co  suppress  the  turbulent  wake  of  the  first  honeycomb,  was  a  smaller 
honeycomb  which  had  0.5-in.  (12.70-mm)  long  hexagonal  cells  with  0.125-in. 
(3.2-mm)  wide  flat  sides  which  were  0.004-in.  (0.1-mm)  long.  To  produce  flows 
more  turbulent  than  the  open  channel  flow,  turbulence  generator  grids  were 
located  fcom  x  «  4.2  to  19.4  in.  (107  to  493  mm)  upstream  of  the  test  cyl¬ 
inder.  The  grids  were  constructed  by  drilling  holes  uniformly  in  a  close-packed 
array  through  1.125-in.  (28.6-mm)  thick  places.  The  grid  number,  the  distance 
from  the  cylinder  x,  the  hole  diameter  d,  the  average  bar  (web)  size  b  between 
holes,  and  the  solid  blockage  SB  are  given  in  Table  1.  Based  on  typical  reactor 
flows,  the  grids  were  chosen  to  produce  turbulence  intensities  up  to  155!  and 
scales  slightly  more  and  less  than  the  diameter  of  the  test  cylinder,  ~  0.5  D 
to  2  D. 

The  flows  produced  by  the  method  described  were  less  than  ideal  from  the 
standpoint  of  producing  homogeneous,  isotropic  turbulent  flows.  However,  they 
are  expected  to  suffer  less  distortion  than  will  exist  in  reactor  flows,  for 
which  the  data  obtained  is  primarily  Intended. 

To  mount  and  seal  the  1-ln.  (25.4-rm)  diameter  test  cylinder  to  the  test 
section  walls,  and  to  measure  the  fluid  forces,  the  cylinder  was  built  in 
several  parts.  Complete  details  are  provided  in  [23]  and  summarized  below  and 
in  Fig.  3.  End  supports  mounted  on  the  test  section  walls  held  the  central  bar 
which,  in  turn,  provided  a  rigid  base  to  mount  dummy  sleeves  and  a  force  sensing 
ring  over  the  7.5-in.  (191-mm)  long  central  section  of  the  cylinder.  The  0.5- 
in.  (12.7-mm)  long  sensing  ring  was  separated  from  the  dummy  sleeves  and  mounted 
on  the  central  bar  with  a  force  measurement  ring  which  could  monitor  lift  and 
drag  direction  forces  via  two,  four-arm  strain  gauge  bridges.  The  sensing  ring 
and  dummy  sleeves  were  machined  and  sanded  to  a  surface  finish  having  less  than 
0.5  x  10-'4  D  surface  roughness.  The  short  length  of  the  sensing  ring  was  deemed 
necessary  to  resolve  lift  forces  with  short  correlation  lengths,  as  discussed  in 
the  previous  section.  The  force  measurement  ring  was  designed  to  resolve  force 
magnitudes  as  small  as  0.05-lb  (0.22  N)  and  did  not  statically  deflect  more  than 
0.001  in.  (0.025  mm)  under  maximum  loading.  The  natural  frequency  of  the 
submerged  force  measurement  system  was  5  times  the  vortex  shedding  frequency 


Fig.  3.  Force-transducer  assembly  mounted  in  end  supports  attached  to 
test-section  walls 
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based  on  S  =  0.2.  The  resonant  response  signals  of  the  transducer  could  be 
filtered  from  the  force  signal,  and  no  significant  Interaction  between  the  two 
were  observed. 

The  major  concern  in  the  transducer  design  was  the  diametral  gaps  between 
the  force  sensing  ring  and  the  dummy  sleeves,  even  though  the  dummy  sleeves  had 
been  lapped  to  the  sides  of  the  force  sensing  ring  to  minimize  the  gap  to  ~ 
0.001  in.  (0.025  mm).  Near  the  transition  range  of  Reynolds  numbers,  the  two- 
dimensionality  of  the  boundary  layer  separation  lines  has  been  found  by  many  to 
be  sensitive  to  flow  or  surface  discontinuities.  These  cause  three-dimension¬ 
ality  in  the  flow,  reduction  of  spanwise  correlation,  and  early  transition  of 
the  boundary  layer.  Initial  measurements  in  the  smoothest  flow  possible,  grid 
HC  in  Table  1,  showed  the  periodicity  expected  in  the  subcrltical  lift  forces, 
but  the  coefficients  were  a  factor  smaller  than  those  of  ideal  flow.  After 
completely  sealing  the  diametral  gaps  and  measuring  the  same  low  force  coeffi¬ 
cient,  the  known  nonuniformity  of  the  flow  near  the  boundaries  of  the  square 
section  became  suspect.  End  plates  were  constructed  based  on  a  successful 
design  [8]  and  installed  7.5  D  apart  on  the  end  supports  as  shown  in  Fig.  3,  and 
the  lift  coefficients  measured  were  similar  to  those  of  ideal  flow  (13].  Flows 
in  reactors  are  expected  to  be  much  more  three-dimensional,  and  therefore  force 
data  obtained  in  the  experiment  should  provide  upper  bound  estimates. 

4.  FLOW  MEASUREMENTS 

Plexiglass  windows,  6-in.  (152-mm)  high  x  2-in.  (50.8-mm)  wide,  were 
provided  in  two  opposite  test  section  walls  so  that  flows,  occurring  in  the 
cross-section  where  the  test  cylinder  would  be  mounted  vertically,  could  be 
measured  with  a  TSI  Laser  Doppler  velocimeter  ( LDV)  in  the  forward  scatter, 
dual-beam  mode.  The  laser,,  beam  splitter,  frequency  shifter,  transmitting 
optics,  receiving  optics*  and  photodetector  were  all  mounted  on  a  milling 
machine  bed  which  allowed  measured  traverses  over  the  full  width  and  central  6 
in.  (152  mm)  of  the  height  of  the  test  section.  A  tracker  type  of  signal 
processor  was  employed,  and  Che  water  was  seeded  with  0.6  x  10-,>-in.  (1.5  x 
10" ’’-mm)  mean  diameter  silicon  carbide  particles  to  achieve  an  almost  continuous 
signal,  (20-50)  x  103  samples/s.  Although  the  LDV  is  self-calibrating  when 
tracking  properly,  a  successful  comparison  was  made  with  the  mean  flow  velocity 
measurements  of  a  pitot  tube. 

Data  were  obtained  at  ~  4000  gpm  (0.25  m3/s)  and  ~  7000  gpm  (0.44  m3/s)  for 
each  of  the  grid  conditions  of  Table  1.  The  mean  velocity  V  was  measured  at 
1.5-in.  (38.1-mm)  intervals  along  the  central  6  in.,  (152  mm)  of  the  vertical  and 
horizontal  axes  of  the  test  section,  at  least,  and  flow  direction  velocity 
fluctuations  u  were  measured  along  the  central  3  in.  (76.2  mm)  of  the  axes,  at 
least.  An  UP  5451B  fast  Fourier  transform  (FFT)  analyzer  was  used  to  obtain 
mean  velocities  and  single-point  spectra  from  20  minutes  of  FM  taped  (3-3/4  ips) 
data.  One-hundred  time  records,  each  uniformly  sampled  from  2048  to  4096  times, 
were  analyzed  and  averaged  to  obtain  spectra  with  maximum  frequencies  from  100 
to  2500  Hz.  The  integral  of  the  average  spectrum  provided  the  mean  square 
velocity  fluctuation  <u2>,  and  the  transform  of  Che  spectrum  divided  by  <u3> 
provided  an  autocorrelation  normalized  to  unity  at  zero  time  lag.  An  Integral 
length  scale  was  obtained  from  Taylor's  hypothesis  for  homogeneous  turbulence 

L  =  TV  ,  (1) 

where  the  integral  of  the  normalized  autocorrelation  to  the  first  zero  crossing 
was  used  as  a  very  approximate  measure  of  the  integral  time  scale  t. 

The  mean  velocities  over  the  6  in.  (152  mm)  central  area  of  the  test 
section  were  within  ±  5%  of  the  centerline  value,  except  for  grid  24(107).  At  a 
given  flowrate,  the  turbulence  intensities  I  and  integral  scale  lengths  L  over 
the  3  in.  (76  mm)  central  area  of  the  test  section  were  within  ±  7%  and  ±  15%, 
respectively,  except  for  grids  24(107)  and  HC.  Ir.  the  case  of  grid  HC,  the 
absolute  variations  in  I  were  small,  see  Table  l,  even  though  the  percent 
variations  were  substantial  (<  25%).  The  large  variations  in  L,  up  to  40%,  were 
due  to  the  concentration  of  the  correlation  at  low  frequencies.  These 
correlations  have  the  greatest  influence  on  the  shape  of  the  autocorrelation 


20 


curve  at  iarge  t  and  therefore,  Che  location  of  Che  first  zero  crossing.  Such 
large  variations  would  not  be  expected  if  the  autocorrelation  could  have  been 
calculated  and  integrated  for  very  large  time  lags.  However,  due  to  the  very 
low  frequency  unsteadiness  in  the  loop  pumping,  valving,  and  ireservoir  levels, 
all  information  below  1  Hz  had  to  be  deleted  any  way  from  all  the  autocorrela¬ 
tion  calculations.  The  up  to  20;  30,  ant'  >2%  variations  in  V,  I,  and  L, 
respectively,  indicate  that  measurements  for  grid  24(107)  are  being  taken  in  the 
very  nonhomogeneous  jet  region  of  the  grid.  As  such,  this  represents  Che  most 
severe,  three-dimensional  flow  condition  created  for  testing.  Absolute 
variations  in  1  and  L  for  ail  grids  are  sumarized  in  Table,  J..  All  attempts  to 
create  more  uniform,  high  intensity,  small  scale  turbulence  failed,  and 
production  just  may  not  be  possible  for  the  water  flow  facility  size  available 
and  the  Reynolds  number  range  of  interest. 

One  measure  of  the  degree  the  grids  produce  homogeneous,  isotropic 
turbulent  flow  can  be  seen  in  Fig.  4,  where  the  normalized  spectral  densities  of 
the  centerline  measurements  for  all  grid  conditions  are  shown  to  lie  in  a  narrow 
band  close  to 

V4>  „  -  .1 

2  222’  (2) 

4<u  >L  1  +  (4irf 7V  )L 

a  theoretical  spectrum  for  one-dimensional  flow  [24).  Also,  transverse  (span- 
wise)  velocity  fluctuations  were  measured  for  grid  conditions  2  and  52,  and  the 
turbulence  intensities  were  within  -15%  and  the  integral  scales  were  ~  50%  of 
those  in  the  longitudinal  direction. 

5.  FORCE  MEASUREMENTS 

The  cylinder's  force  transducer  system  was  calibrated  by  hanging  known  dead 
weights  from  the  force  sensing  ring.  The  flatness  of  the  transducer's  frequency 
response  to  above  100  Hz  in  water  was  verified  by  measuring  the  transfer 
function  between  the  transducer's  output  and  the  input  from  an  instrumented 
impulse  hammer  (PCB  K2981A02)  during  impact  with  the  force  sensing  ring.  See 
[23J  for  details. 

Typically,  lift  and  drag  force  data  were  measured  and  FM  taped  (3-3/4  ips) 
over  20  minutes  at  12.5,  25,  37.5,  50,  75,  and  100%  of  the  maximum  flow  rates 
for  all  the  grid  conditions  of  Table  1.  Steady  drag  forces  were  calculated  by 


Fig.  4.  Centerline  spectral  density  scatter  band  for  all  grid  conditions 
compared  to  theory -  [24] 


inspection  of  condensed  and  low  pass  filtered  (~  4  Hz)  time  histories.  The  FFT 
analyzer  was  used  to  ohtain  spectra  of  the  fluctuating  forces.  Either  100  or 
175  time  records,  sampled  uniformly  1024  times,  were  analyzed  and  averaged  with 
maximum  frequencies  of  100  or  250  Hz,  respectively.  The  calibrated  spectra  were 
integrated  and  divided  by  the  force  sensing  ring  width  to  obtain,  for  example, 
the  mean  square  lift  force/length,  <p2>.  The  lift  coefficient  Cp  was  calculated 
from  the  usual 

<PL>1/2  "  7  pVH  '  (3) 


The  steady  and  fluctuating  drag  coefficients,  Cp  and  Cp,  were  calculated 
similarly.  No  flow  blockage  corrections  were  made  for  the  coefficients  plotted 
in  Figs.  1,  2,  5,  and  6  as  a  function  of  N^  and  the  turbulence  grid  conditions 
of  Table  1.  Note  information  exists  for  correcting  ideal  crossflow  (26),  and 
the  ideal  crossflow  data  given  in  the  figures  is  for  zero  blockage. 

Hie  Strouhal  numbers  of  the  peak  in  the  lift  force  spectra  were  calculated 
and  are  shown  in  Fig.  2.  As  a  measure  of  the  sharpness  of  the  peaks,  the  half¬ 
power  bandwidth  Strouhal  number  AS  was  calculated  and  is  shown  in  Fig.  2  along 
with  the  only  set  of  data  available  for  ideal  crossflow.  Of  course,  AS  is  very 
small  in  ideal  crossflow  at  subcritical  N^. 

The  effect  which  different  turbulent  flows  and  Reynolds  numbers  have  on  the 
periodicity  of  the  lift  forces  can  be  seen  best  by  comparing  the  example 
normalized  spectra  given  in  Fig.  7  for  relatively  small  and  large  amounts  of 
turbulence  in  the  flow.  The  spectral  density  of  the  lift  force/length  are 
normalized  in  Fig.  7  according  to 

\  **  $L(V/D)(l/2  pV2D)“2  .  (4) 


Fig.  5.  Mean  drag  coefficient  Cp.  Ideal  crossflow  data  notation:  Wieselberger 

from  (4}  - W,  scatter  band  (////)  of  existing  data,  and  bounding 

curve - -  -■  See  Table  1  for  notation. 
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Whereas  some  periodicity  exists  in  the  lift  force  for  the  open  channel  (grid  OP) 
at  every  NR  tested,  except  the  highest,  almost  no  periodicity  exists  for  grid  52 
(493),  except  for  the  lowest  NR  tested.  The  open  channel's  spectra  are  typical 
for  grid  HC  and  grid  2,  while  grid  52(493)'s  spectra  are  typical  for  grid 
52(338)  and  grid  24(107).  The  spectra  for  grid  24(107)  contained  almost  no 
periodicity  and  were  typical  of  a  low-pass  random  signal. 

The  fluctuating  drag  force  spectra  were  undistinguished  with  most  energies 
contained  at  low  frequencies  over  a  wide  band.  Relatively  insignificant  amounts 
of  periodicity  were  observed  mainly  at  the  vortex  shedding  frequency  and  less  at 
higher  harmonics  of  the  shedding  frequency.  The  periodicity  at  the  vortex 
shedding  frequency  was  probably  due  to  crosstalk  with  the  lift  direction 
forces.  The  force  transducer  sensitivity  in  the  drag  direction  was  less  than 
one-third  that  in  the  lift  direction  to  provide  sufficient  drag-direction 
transducer  stiffness  [23],  and  therefore  the  drag  coefficients  are  very 
approximate  estimates. 

6.  DISCUSSION 

Adding  turbulence  to  the  flow  affects  the  fluctuating  fluid  forces  in  three 
ways,  at  least,  with  all  effects  resulting  in  spectral  densities  which  are  more 
random  than  periodic.  First,  the  Reynolds  number  at  which  the  attached  boundry 
layer  undergoes  transition  from  laminar  to  turbulent  flow  is  reduced.  This  has 
been  observed  before  [21]  and  can  be  seen  in  the  relatively  sharp  declines  in 
and  Cp  in  Figs.  1(a)  and  5,  as  well  as  in  the  increase  in  AS  in  Fig.  2(b). 
Thus,  the  critical  region  appears  to  occur  over  a  larger  Reynolds  number  range, 
and  the  associated  wake  forces  are  random  at  NR  where  they  would  be  periodic  in 
ideal  crossflow.  Also,  the  more  turbulent  flows  produce  smaller  subcritical 
ranges  of  Reynolds  numbers. 

Interpreting  the  first  effect  in  another  way,  the  Cp  in  Fig.  1  and  the  CD 

in  Fig.  5  can  be  seen  to  be  greatly  reduced  as  I  is  increased  to  -15%  for  a 

given  Nr  <  105.  By  comparing  the  Cp  for  grids  with  similar  I  (OP  and  2(493), 
24(191)  and  52(493),  and  52(338)  and  24(107)),  there  appears  to  be  a  tendency 
for  smaller  L  to  produce  smaller  C^.  Such  a  trend  is  less  distinguishable  for 

Cp.  Even  though  the  variation  in  L  used  in  testing  is  not  large,  flows  with 

small  L.  <  D  have  been  observed  to  be  most  effective  in  interacting  with  the 
boundary  layer  flow  on  the  cylLnder  [17].  In  response  analysis,  use  of  the  CL 
and  Cp  corresponding  to  the  largest  L  would  be  conservative. 

The  second  effect  of  turbulence  in  the  flow  is  the  degradation  of  the  two- 
dimensional  vortex  shedding  process:  the  reduction  of  the  spanwise  correlation 
of  the  surface  pressures  [15,16]  and  forces  [21],  to  less  than  D  in  some 
cases.  Since  the  width  of  the  force  sensing  ring  was  small,  1/2  D,  the  spanwise 
correlation  degradation  also  is  reflected  in  the  broadening  and  reduction  of  the 
amplitude  of  the  peaks  in  the  lift  force  spectra  of  Fig.  7,  for  example. 
Therefore,  the  second  effect  is  difficult  to  distinguish  from  the  first  effect 
of  early  transition. 

The  third  effect  is  pressure  fluctuations  are  created  on  the  upstream  side 
of  the  cylinder  surface  [15,16]  by  the  Impinging  turbulence  in  the  flow.  As  a 
result,  the  magnitude  of  the  drag  coefficient  is  larger  in  turbulent  flow  than 
in  ideal  crosflow  (see  Fig.  6(b)),  and  the  lift  force  spectra  are  large  at 
frequencies  below  the  votex  shedding  peak  frequency  (see  Fig.  7).  Periodicity 
may  still  evict  in  the  drag  direction  at  twice  the  shedding  frequency,  but  for 
the  most  part  it  is  submerged  in  the  wide  band  random  forces  which  the 
turbulence  in  the  flow  creates. 

In  summary,  the  lift  force  spectra  in  turbulent  flow  appear  to  consist  of  a 
component  in  a  narrow  band  of  frequencies,  due  to  organized  vortex  shedding, 
superimposed  on  a  component  which  occurs  over  a  wide  band  of  frequencies 
primarily  below  the  vortex  shedding  frequency.  The  relative  size  of  the  two 
components  depends  upon  NR  and  the  turbulence  of  the  free  stream.  The 
fluctuating  drag  spectra  are  similar  to  the  lift  spectra  but  without  any 
significant  periodic  component.  The  and  Cp  provide  a  measure  of  the 
amplitude  of  the  spectra,  but  the  distribution  of  the  spectra  is  needed  for 
response  analysis. 
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7 


BOUNDING  SPECTRA 


Because  Che  velocity  fluctuation  spectra  of  the  turbulent  flow  was  fit  well 
by  (2),  see  Fig.  A,  attempts  were  made  to  fit  a  similar  form 


i>D(f )  »  ^(l  +  ^ 

to  the  fluctuating  drag  force  spectra.  is  graphed  in  Fig.  8  (without  D 
subscripts)  for  $0  “  A. 5.  Hie  is  related  to  the  single-sided  spectra  for  the 
fluctuating  drag  force/length  as  is  related  Co  4^  in  (A),  and  f  is  the 
reduced  frequency  fD/V.  Although  good  fits  to  the  data  across  the  entire 
frequency  spectrum  could  not  be  achieved  with  (5),  a  4’j)q  could  be  chosen  for 
each  turbulence  condition  such  that  formed  an  upper  bound  on  the  wide  band 
part  of  Che  spectra  for  all  values  or  Reynolds  number  NR.  Table  1  associates 
Che  t’pg  chosen  with  the  turbulence  condition  and  the  RMS  fluctuating  drag  force 
coefficient  C^c  calculated  by  integrating  (5)  from  zero  to  infinity 

(C^c)2  =  0.225  $D0  .  (6) 

The  degree  to  which  (5)  approximates  the  measured  spectra  is  well  represented  by 
the  differences  between  the  calculated  CpC,  given  in  Table  1,  and  the  measured 
Cq  shown  in  Fig.  6(b).  Except  for  the  lowest  NR  and  grid  2(A93)  data,  (5) 
represented  the  spectra  well:  the  spectra  are  nearly  the  same  for  the  same 
turbulence  condition  and  different  NR.  By  adding  a  deterministic  force  at  F  = 
O.A  with  a  coefficient  of  (C^  -  Cj,q),  when  %  >  C£c,  to  the  wide  band  excitation 
forces,  an  upper  bound  on  the  fluctuating  fluid  drag  force  is  generated. 


f 

Fig.  8.  $(F)  shown  with  ^2(F)  and  a  linear  bound  ^  to  <P,  F  <  0.22, 

and  <S>  ,  F  >  0,22 
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The  spectra  of  the  fluctuating  lift  force/length  could  not  be  as  simply 
approximated  as  because  of  the  often  relatively  large  narrow  frequency  band 
component  centered  at  the  vortex  shedding  Strouhal  number  S.  Again,  empirical 
formulations  where  sought  which  would  bound  the  measured  spectra  and  lead  to 
upper  bounds  in  a  response  analysis.  The  wide  band  component  of  the  lift  force 
spectra  for  F  <  S  appeared  to  be  representable  by  i  in  Fig.  8,  while  for  F  >  S 
it  appeared  to  be  representable  by  $  ,  except  where  the  narrow  band  component 
existed.  Thus  the  wide  band  component  of  the  normalized  lift  spectra  was 
represented  by  the  linear  approximation 


*L  “  \o 


(2.34  x  lO-3)*^?-^ 


I  <  0.22 
F  >  0.22 


(7) 


The  narrow  band  component  was  represented  by  a  deterministic  force  at  T  °  1/S  « 
0.2  with  a  lift  coefficient 


CLV  =  CL  “  CLR  > 


(8) 


where  Cp  is  the  measured  lift  coefficient  and  C^r  is  a  calculated  value 
associated  with  the  wide  band  component:  the  area  under  the  curve  (7)  from  F  =  0 
to 

CLR  ”  °-293  *L0  ‘  (9) 

The  ■J’pQ  selected  to  best  fit  (visually)  the  experimental  data,  and  the  lift 
coefficients  are  given  in  Figs.  1  and  6(a). 


8.  CONCLUSIONS 


The  data  obtained  verifies  the  observation  of  others  [21)  that  Cp  will  be 
smaller  for  flows  with  larger  turbulence  intensities  I  at  the  same  Reynolds 
number  in  the  range  2  x  10**  <  NR  <  10  .  Also,  flows  with  smaller  integral 
length  scales  (L  ~  0.5  D)  showed  a  trend  to  produce  smaller  C^  than  flows  with 
the  same  I  but  D  <  L  <  2D. 

Very  turbulent  flows  eliminate  periodic  vortex  shedding  forces,  probably 
through  a  combination  of  causing  early  transition  to  a  turbulent  boundary  layer 
and  disturbance  of  the  two-dimensional  spanwise  correlation  necessary  to  produce 
significant  vortex  shedding.  Intermediate  turbulent  flows  produced  both  random 
and  periodic  components  in  the  lift  force  spectra,  and  the  drag  force  spectra 
were  primarily  random. 

Although  exact  modeling  of  the  spectra  wr,  j  not  possible,  analytical  forms 
of  bounding  spectra  were  given.  These  could  be  used  with  the  fluid  force 
coefficients  presented  in  Figs.  1,  5,  and  7,  and  spanwise  correlation  lengths 
available  in  the  literature,  to  predict  upper  bounds  on  the  RMS  vibration 
response  of  cylinders  in  some  turbulent  flows  assuming  fluid-structure  inter¬ 
action  (lock-in)  does  not  occur  [25). 
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APPENDIX  I  -  NOMENCLATURE 

b  Average  web  size  of  turbulence  generator  grid  (pitch  -  0.95  d) 

C0  Steady  drag  force/length/(l/2  pV2D) 

Cp  RMS  fluctuating  drag  force/length/(l/2  pV2D) 

C|»)£  Calculated  Cp 

CL  RMS  lift  force/length/ (1/2  pV2D) 

CLR  Random  component  of  C^ 

C^y  Periodic  component  of  C^ 

d  Hole  diameter  of  turbulence  generator  grid 

D  Cylinder  diameter 

f  Frequency,  cycles/sec  (Hz) 

fv  Vortex  shedding  frequency 

Af  Half-power  bandwidth  of  lift  force  spectra 

f  fD/V,  reduced  frequency  jy2 

I  Flow  direction  turbulence  intensity,  <u2>  /V 

£c  Spanwise  correlation  length  of  fluid  forces 

L  Flow  direction  turbulence  integral  scale  length 

Nr  VD/v,  Reynolds  number 

<p2>  Mean-square  lift  force/length 

S  Strouhal  number,  fyD/V 

AS  AfD/V 

SB  Solid  blockage  of  grid 

t  Time 

T  Taylor  number,  IU/(LU/D)0,2 

u  Fluctuating  component  of  crossflow  in  mean  flow  direction 

<u2>  Mean  square  velocity  in  the  flow  direction 
V  Mean  crossflow  velocity 

u  Fluid  kinematic  viscosity 

P  Fluid  mass  density 

t  Flow  direction  turbulence  integral  time  scale 

$  Longitudinal  velocity  fluctuation  spectral  density  (0  <  f  <  «°) 

Spectral  density  of  fluctuating  drag  force/length  (0  <  f  <  ») 

Spectral  density  of  fluctuating  lift  force/length  (0  <  f  <  ») 

$  Normalized  spectral  density 

Normalized  fluctuating  drag  spectral  density 
*00  *0  for  ?  =  0 

^  Normalized  lift  force  spectral  density 

4lo  for  0  <  F  <  0.22 
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ABSTRACT 

A  study  of  the  unsteady  forces  induced  on  rigid  isolated  cylinders  immersed  in  cross  flows  of  varying 
levels  of  inflow  turbulence  is  presented.  Experimental  measurements  on  which  the  study  is  based  were 
conducted  primarily  in  a  water  tunnel.  An  analogy  is  found  to  exist  between  the  steady  and  unsteady  forces 
induced  on  isolated  cylinders.  Indeed,  as  a  function  of  the  Reynolds  number,  the  functional  behavior  of 
the  fluctuating  forces  can  be  divided  into  subcritical,  transitional  and  supercritical  regimes.  Correlations  are 
also  presented  between  the  fluctuating  base  pressure  of  the  cylinder  and  forces  respectively  induced  by  the 
vortex  wake  in  uniform  flow  and  buffeting  forces  induced  in  turbulent  flows. 

NOMENCLATURE 

a  Axial  separation  of  vortices  used  in  the  Karman  model 
b  Transverse  separation  of  vortices  used  in  the  Karman  model 
Cc  Critical  damping  ratio 

CD  Steady  (time  averaged)  drag  coefficiei 

C'j  Fluctuating  (RMS)  drag  coefficient  = 

C'L  Fluctuating  (RMS)  lift  coefficient  = 

C0  Damping 

Cp  Pressure  coefficient  =  (P  -  P„)/|p 

(C,)4  Base  pressure  coefficient 

d  Test  cylinder  diameter 

D  Steady  drag  per  unit  span 

D’  Fluctuating  drag  measured  over  a  span  s 
/  Frequency  in  Hz,  /$  the  Strouhal  frequency 
k  Base  pressure  parameter  =  ~J  1  -  ( Cp)b 
K jj  Modal  stiffness  of  the  cylinder 

/  Length  scale 

4  Axial  integral  scale  of  turbulence 
4  Transverse  integral  length  of  turbulence 
L'  Fluctuating  lift  measured  over  a  span  s 
m0  Modal  mass  of  the  cylinder 
M  Grid  mesh  dimension 

P  Static  pressure  on  the  cylinder 
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/'„  Frecstream  static  pressure 

He  Reynolds  number  Ud/v 

s  Active  span  over  which  the  fluctuating  force  is  measured 

St  Strouhal  number  —  fd/  £4. 

U,  64  Freestream  speed 

V  Speed  of  propagation  of  vortices  in  the  Karman  model 
X  Distance  between  the  grid  and  centerline  of  test  cylinder 
v  Kinematic  viscosity 

co  Circular  frequency 

Natural  frequency  of  the  test  cylinder  system  including  load  cells 
y  Critical  damping  ratio 

p  Density  of  test  fluid 

'I'  (or)  Power  spectrum  of  applied  load 

4’(o>)  Power  spectrum  of  measured  load 


INTRODUCTION 

A  systematic  overview  of  the  buffeting  forces  induced  on  cylinders  and  cylindrical  arrays  by  cross  flows 
is  offered  in  this  and  the  accompanying  paper.1  By  buffeting,  it  is  meant  the  unsteady  forces  induced  by 
both  a  uniform  flow  and  a  flow  rendered  turbulent  by  means  of  suitably  designed  grids.  In  the  literature, 
the  former  is  often  referred  to  as  Strouhal  or  vortex  wake  excitation  where  as  the  latter  is  referred  to  as 
buffeting.  As  a  result  cf  the  present  series  of  papers,  this  distinction  is  somewhat  blurred.  Instead,  what 
differences  there  arc  appear  to  stem  from  the  flow  regime  of  operation.  However,  because  of  common 
usage  and  the  concise  description  it  affords,  this  paper  will  continue  the  loose,  separate  usage  of  the  two 
terms. 

The  present  study  was  conducted  on  rigid  cylinders.  The  forces  induced  on  rigid  cylinders  are  important 
for  design  calculations  since  they  reptesent  the  excitation  experienced  in  incipient  vibrations.  It  is  the  mag¬ 
nitude  and  spectral  character  of  these  forces  that  the  designer  needs  to  avoid  or  minimize  vibrations  in  his 
design.  Tlie  precise  definition  of  what  is  meant  by  a  rigid  body  is  very  important  from  the  point  of  view  of 
the.  experimental  technique.  The  usage  here  is  based  on  a  dynamic  rather  than  a  static  consideration. 

Early  research  on  isolated  cylinders  concentrated  on  characterizing  the  time-averaged  drag  forces  as  a 
function  of  Reynolds  number,  Re.’  An  important  observation  that  was  made  was  the  identification  of, 
broadly  speaking,  three  regimes  of  uniform  flow  as  a  function  of  Reynolds  number.  The  three  regimes  arc 
illustrated  in  Figure  1,  in  which  the  steady  (i.e.,  the  time-averaged)  drag  coefficient  CD  is  plotted  against 
the  Reynolds  number.  In  the  transitional  regime,  the  boundary  layer  on  the  cylinder  goes  from  laminar  to 
turbulent  and  the  point  of  separation  moves  from  the  upstream  location  (=  80 "from  the  stagnation  point) 
to  a  downstream  location  =110°.  At  the  same  lime  the  wake  substantially  narrows  and  the  pressure  com¬ 
ponent  of  steady  (time-averaged)  drag  substantially  decreases. 
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Figure  1.  Drag  coefficient  and  flow  regimes  of  an  isolated  cylinder. 


*  Re*  Uvtdjv,  where  Um  is  the  freesircam  velocity  upstream  of  the  cylinder,  d  the  cylinder  diameter  and  v  the  fM  kinematic 
viscosity. 
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Because  it  disturbs  the  boundary  layer  on  the  cylinder,  the  effect  of  turbulence  in  the  freestream  is  to 
advance  the  transition  of  the  boundary  layer  from  laminar  to  turbulent.  In  so  doing,  the  point  of  transition, 
in  terms  of  the  CD  -  Re  dependence,  shifts  to  a  lower  Reynolds  number,5  as  in  Figure  1.  Below  this  shift¬ 
ed  transition,  the  freestream  turbulence  docs  not  appear  to  significantly  affect  the  steady  drag  values.  The 
question  naturally  arises  as  to  the  unsteady  response  of  the  cylinder  in  the  two  flow  (uniform  and  tur¬ 
bulent)  situations. 

Despite  many  attempts,  the  unsteady  response  of  the  cylinder  has  not,  until  recently,  been  on  as  firm  a 
footing.  In  part,  this  had  to  do  with  the  difficulty  of  measuring  the  unsteady  forces.  Indeed,  the  best  avail¬ 
able  data  were  only  recently  measured  by  Richter  and  Naudascher,5  who  moreover  have  carefully  examined 
the  effect  of  tunnel  blockage  (or  interference)  on  the  Strouhal  frequency,  lift  and  drag  of  an  isolated  rigid 
cylinder.  Prior  data  concentrated  largely  on  measuring  the  Strouhal  number  or  normalized  vortex  shedding 
frequencies  St  (Roshko7),  Eventually,  it  was  discerned  that  the  behavior  of  l/Si  was  analogous  to  CD  as  a 
function  of  Re  (e.g.,  Morkovin8).  Tne  effect  of  a  turbulent  freestream  has  not  been  as  extensively  investi¬ 
gated.  Surry9  and  Batham10  represent  the  typical  studies  available  which  have  largely  drawn  their  insights 
from  local  pressure  measurements. 

EXPERIMENTAL  APPARATI 

Two  different  facilities  were  employed  in  the  course  of  this  study.  One  was  a  wn.  tunnel  and  one  a  wa¬ 
ter  tunnel  facility  at  Pennsylvania  State  University.  The  wind  tunnel  served  to  develop  the  piezoelectric 
force  measurement  system,7  The  water  tunnel  was  employed  for  the  isolated  cylinder  study  to  cover  a 
range  of  Reynolds  numbers  up  to  2  x  106  and  forms  the  basis  of  this  paper.  A  test  rig  designed  around  the 
piezoelectric  force  measurement  scheme  was  employed  in  both  the  study  presented  here  and  in  Refer¬ 
ence  1.  In  what  follows,  the  design  principles  of  the  direct  force  measurement  scheme  and  the  test  tunnels 
will  be  given. 

Description  of  the  Technique  to  Measure  Unsteady  Buffeting  Forces 

A  schematic  of  the  test  cylinder  and  its  mounting  within  the  test  tunnel  is  shown  in  Figure  2.  The  test 
cylinder  was  constructed  of  a  thin-walled  aluminum  tube.  To  avoid  end  effects,  measurements  were  carried 
out  only  over  the  central  exposed  part  of  the  span.  This  was  accomplished  by  stepping  down  the  ends  of 
the  cylinder  and  passing  it  through  dummy  end  sleeves.  The  sleeves  thereby  avoided  the  local  disruption 
of  the  mean  flow.  The  span  of  the  cylinder  over  which  the  forces  were  measured  could  be  changed  by 
changing  the  location  of  the  end  steps  and  making  compensatory  changes  in  the  length  of  the  end  sleeves. 


Figure  2.  Schematic  of  the  load  cell  instrumented  lest  cylinder  used  in  the  lube  array  test¬ 
ing. 
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At  the  heart  of  the  measurement  system  are  two  Kistler  9251 A  three-axis  load  cells  located  at  the  two 
ends  of  the  test  cylinder.  The  load  is  transmitted  from  the  cylinder  to  the  load  cells  by  friction,  hence  the 
level  of  friction  between  the  contacting  parts  must  be  sufficiently  high.  This  is  accomplished  in  the  ap¬ 
paratus  by  a  pneumatic  preload  device. 

As  has  been  pointed  out,  the  unsteady  loads  can  only  be  measured  accurately  if  the  system  is  rigid.  The 
notion  of  rigidity  has  to  be  dynamically  based.  The  dynamics  of  the  load  cell  mounted  test  cylinder  can  be 
represented  as  a  simple  spring  mass  system  (see  Figure  3)  since  the  load  cells  are  much  stiffer  than  the  cyl¬ 
inder.  Given  the  modal  description  of  the  system  and  considering  only  the  lowest  flexural  mode  of  vibra¬ 
tion,  the  governing  system  can  be  represented  as 

mo  x  +  Co  x  +  ko  x  -  Fit)  (1) 


where  mo  is  the  mode  weighted  mass  of  the  cylinder,  c0  the  damping,  ko  the  stiffness  and  F(i)  the  applied 
unsteady  load.  The  question  is  the  relationship  between  /(/),  the  load  sensed  by  load  cell,  and  the  ap¬ 
plied  load,  F(t).  Assuming  a  harmonic  loading  F(t)  =  Fo  e‘“'  and  that  f  =  fo  e"~  , 
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where  too 's  (he  lowest  flexural  mode  frequency,  to0  -  V  k(/m0,  y  -  C(/cf  and  c(  is  the  critical  damping  = 
2nitfoo-  This  is  of  course  the  equation  for  vibration  isolator.  Since  the  load  measuring  system  has  to 
behave  opposite  to  the  isolator,  it  is  clear  that  the  dominant  frequency  of  the  applied  load  to  must  be  much 
less  than  cuo-  Ignoring  the  damping  for  to/o> o  =  1/4  the  dynamic  contamination  of  the  loads  registered  by 
the  load  cell  would  be  about  7%.  In  the  apparati  used,  y  was  about  1  to  2%  so  that  the  error  introduced  by 
ignoring  damping,  even  up  to  to/too  =  0.5,  was  less  than  two  orders  of  magnitude  lower.  It  follows  that  a 
simple  correction  to  the  load  cell  output  can  be  devised  provided  that  w/w0  sufficiently  less  than  1. 


Figure  3.  Dynamic  behavior  of  load  cell  mounted  test  cylinder. 


Suppose  that  the  power  spectrum  of  /(f)  is  tf>(t»)  and  that  of  the  applied  load  F(i)  is  'P(<u),  then  to  the 
first  order  it  can  be  shown  that 

'l'(co)  —  <5(<u)  ■  (1  —  <u2/coj)2  (3) 

It  was  a  simple  matter  to  design  a  filter  to  automatically  make  this  correction  by  using  the  block  multiplica¬ 
tion  feature  of  the  Hewlett-Packard  Fourier  analyzer  system  used.  Even  so,  every  attempt  was  made  to 
operate  at  conditions  such  that  the  bulk  of  the  applied  load  spectrum  fell  below  <oo/4.  The  resultant  correc¬ 
tions  rarely  resulted  in  changing  (reducing)  the  RMS  values  by  more  than  7%  and  were  generally  more  on 
the  order  of  1  to  3%. 
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Description  of  Water  Tunnel  Facility 

The  Penn  State  water  tunnel  used  in  this  study  is  a  closed-circuit  tunnel  and  has  a  cross  section  that  is 
circular  at  most  points.  The  average  velocity  in  the  working  section  can  be  continuously  varied  from  0  to 
24  m/s.  A  detailed  description  of  this  facility  is  given  by  Lehman16  and  So  and  Savkar.3 

Grids  of  the  square  mesh  type  were  used  to  produce  homogeneous  turbulence  of  approximately  the 
same  intensity,  but  different  length  scale  at  x/M  -  10,  where  x  is  the  stream  coordinate  and  M  is  the 
mesh  size,  in  the  tunnel  test  section.  The  mesh  sizes  chosen  were  25.4,  50.8,  and  76.2  mm,  respectively. 
Square  bars  of  different  dimensions  were  used  to  make  up  the  grid  so  that  a  blockage  of  =34%  results  for 
all  three  grids.  Turbulence  characteristics  were  measured  by  a  DISA  hot  film  anemometer.  The  measured 
intensity  level  at  xlM  =  10  for  all  three  grids  was  =9.5%  ±  1%  while  the  measured  integral  axial  length 
scale  to  mesh  size  ratios  at  x/M  =  10  were  respectively  0.34,  0.36  and  0.31. 

Although  the  water  tunnel  was  capable  of  delivering  a  flow  with  a  mean  velocity  up  to  24  m/s  in  the  test 
section  at  an  operating  pressure  of  400  kPa,  cavitation  considerations  at  the  grid  and  test  cylinders  limited 
the  maximum  mean  velocity  to  9.1  m/s  with  grids  and  12.0  m/s  without  grids. 

Steady  Drag  Measurements 

The  steady  drag  measurements  were  made  by  integrating  the  static  pressure  measured  around  a  cylinder. 
This  procedure  yields  primarily  the  pressure  drag;  however,  the  skin  friction  drag  over  the  range  of  Rey¬ 
nolds  numbers  tested  contributes  less  than  3%  of  the  total  drag.  The  static  pressure  distribution  was  mea¬ 
sured  on  specially  designed  cylinders. 

Calibration  of  Load  Cells 

The  calibration  of  the  load  cell  cylinders  was  done  in  situ  using  dead  weights  both  before  and  after  each 
series  of  tests  to  be  reported  herein.  The  two  sets  of  calibrations  never  disagreed  with  each  other  more 
than  1%.  Both  the  lift  and  drag  directions  were  separately  calibrated.  The  cross  talk  between  the  two  chan¬ 
nels  was  less  then  1%. 

Data  Recording  and  Data  Analysis 

All  the  fluctuating  force  data  have  been  stored  on  tape.  The  data  recording  was  carried  out  at  7  1/2  ips. 
Both  the  recording  and  playback  of  the  data  was  carried  out  on  a  Bell  and  Howell  4020A  fourteen  channel 
tape  recorder.  All  the  data  reduction  of  the  fluctuating  forces  was  carried  out  on  a  Hewlett-Packard  5451 
Model  C  Fourier  analyzer.  The  spectral  plots  were  recorded  directly  on  to  a  Hewlett-Packard  9872  S  plotter 
coupled  to  the  Fourier  analyzer.  RMS  values  were  typically  recorded  by  integrating  the  spectra  up  to  the 
frequency  sufficiently  below  the  structural  frequency  to  which  the  integrals  remained  flat. 

RESULTS 

Mean  Drag  of  an  Isolated  Cylinder 

Sample  plots  of  the  the  Cp  distribution  around  a  single  cylinder  (uncorrccted  for  blockage)  in  uniform  as 
well  as  turbulent  cross  flows  are  given  in  Figure  4.  Figure  4  shows  the  distributions  for  the  38.1  mm  diam¬ 
eter  cylinder  at  three  different  Reynolds  numbers  in  a  uniform  stream  and  a  turbulent  stream  created  by 
the  50.8  mm  grid.  The  turbulent  intensities  for  these  two  streams  were  0.5%  and  9.5%,  respectively.  It  can 
be  seen  that  at  prctransitional  Reynolds  number  (2.6  x  I04),  the  9.5%  turbulent  intensity  in  the  approach 
flow  does  not  significantly  disturb  the  boundary  layer  development  around  the  cylinder.  As  a  result,  a  lam¬ 
inar  separation  of  the  viscous  layer  still  occurs  and  approximately  the  same  Cp  distribution  is  obtained  for 
the  two  cases  (Figure  4).  As  the  Reynolds  number,  Re, is  increased  to  approximately  10s,  a  laminar  separa¬ 
tion  of  the  viscous  layer  still  persists  in  the  uniform  flow  case,  but  the  separation  seems  to  change  to  a  tur¬ 
bulent  one  for  the  turbulent  flow  case.  This  gives  rise  to  a  big  difference  in  the  base  pressure  between  the 
two  cases,  with  the  base  pressure  being  higher  in  the  case  of  a  turbulent  cross  flow  (Figure  4).  Further  in¬ 
crease  in  Re  to  3  x  10s  causes  the  viscous  layer  to  have  a  turbulent  separation  in  the  uniform  flow  case, 
loo,  and  the  Cp  distributions  for  the  two  cases,  with  or  without  the  grid,  are  again  identical  (Figure  4). 
Changing  the  grids  but  not  the  turbulent  intensity  does  not  have  an  appreciable  effect  on  the  general 
development  of  the  flow  and  essentially  the  same  Cp  distributions  are  obtained  at  the  same  Re  for  tur¬ 
bulent  cross  flows  created  by  different  grids. 

Characteristics  of  the  Fluctuating  Forces 

The  Strouhal  frequencies  of  the  lift  and  drag  signals  were  determined  from  the  auto-power  spectra  of 
the  signals.  At  low  Re,  the  lift  and  drag  spectra  are  similar  to  those  obtained  by  Richter  and  Naudasher. 
Therefore,  they  are  not  shown  here.  There  is  only  one  distinct  peak  in  the  spectra  and  the  Strouhal  fre¬ 
quencies  can  be  identified  without  ambiguity.  As  Re  is  increased,  the  peak  in  the  spectra  becomes  less  and 
less  distinct,  resulting  in  no  identifiable  peak  for  the  Strouhal  drag  at  Re  =  3  x  10s.  The  calculated 
Strouhal  numbers,  Si  =  /,  d/  Ud,  is  plotted  vs.  Re  in  Figure  5.  It  can  be  seen  that  Si  remains  fairly  con¬ 
stant  at  0.21  for  Re  less  than  2  x  10s.  Beyond  this  point,  the  spectra  often  contained  two  distinct  peaks. 
This  resulted  in  two  legs  to  the  Si  vs.  Re  curve.  The  upper  leg  appears  to  match  the  data  of  Richter  and 
Naudascher.  The  lower  leg,  on  the  other  hand,  generally  defined  the  frequency  through  which  most  of  the 
spectral  energy  was  concentrated.  There  are  reasons  to  believe  that  the  lower  leg  is  the  more  appropriate 
frequency  as  will  be  suggested  presently.  A  sample  spectrum  with  the  double  peak  is  illustrated  in  Figure  6. 


33 


Figure  4.  Pressure  distributions  around  tile  38.1  mm  diameter  test  cylinder  in  cross  flows  at 
three  different  Re.  Measurements:  with  no  grid,  A,  Rc  —  2.62  x  10‘;  A  Re  — 
10.0  x  10*;  i.  Re-  30.6  x  10‘;  with  50.8  mm  grid,  ®,  Re  -  2.67  x  10‘;  O,  Re  - 
10.4  x  10‘;  •,  Re  -  34.5  x  310*. 


Figure  5.  Transitional  Strouhal  spectrum  showing  the  double  peak.  The  symbols  used 
match  Figure  12. 

The  spectral  character  of  the  buffeting  data  have  been  examined  in  Reference  3.  There  was  in  fact 
some  variation  in  the  spectral  character  as  a  function  of  the  active  span.  The  data  for  the  largest  active 
span  showed  a  distinct  peak  for  all  three  grids  and  over  the  whole  range  of  flows  tested.  This  allowed  a 
ready  definition  of  a  Strouhal  frequency.  The  spectra  for  the  other  situations  were  not  always  so  sharp. 
After  carefully  evaluating  all  the  data  and  noting  the  resemblance  between  the  buffeting  and  grid  spectra,  it 
was  decided  that  unless  the  spectrum  showed  a  distinct  peak,  the  Strouhal  frequency  was  defined  as  the 
"knee”  in  the  spectrum.  The  knee  appeared  to  be  a  logical  choice  since  the  Strouhal  peak,  when  present 
and  distinct,  as  with  the  largest  active  span,  always  coincided  with  it.  This  is  illustrated  in  Figures  7a  and 
7b.  When  viewed  this  way,  the  plot  illustrated  in  Figure  8  resulted  for  buffeting.  Whereas  in  the  suberiti- 
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cal  regime  the  frequency  was  well  defined,  a  certain  amount  of  ambiguity  appeared  in  the  transitional  re¬ 
gion.  This  dual  peak  character  of  the  spectra  is  very  similar  to  the  Strouhal  data.  Again,  for  consistency,  it 
is  the  lower  leg  that  is  picked  as  the  definition  of  the  Strouhal  frequency. 


Figure  6.  Variation  of  the  uniform  flow  Strouhal  number  Si  with  Reynolds  Number,  Re. 
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Figure  7a, b.  Buffeting  spectra  for  114.3  nun  and  203.2  mm  spans  with  50.8  mm  grid  tur¬ 

bulence.  Note  the  correspondence  of  the  larger  span  Strouhal  peak  with  the 
knee  of  the  smaller  span  spectrum. 
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Figure  8.  Variation  of  the  turbulent  flow  Strouhal  numbers  Si  with  Reynolds  number  Re. 
The  symbols  used  match  Figure  14. 


The  general  behavior  of  both  the  uniform  and  turbulent  flow  buffeting  lift  C'L  and  steady  drag  CD  with 
Re  (uncorrecled  for  blockage)  are  shown  in  Figure  9.  The  agreement  between  the  uniform  flow  C'l 
presented  (16%  area  blockage)  and  those  of  Richter  and  Naudascher6  for_25%  blockage  is  rather  remark¬ 
able.  The  major  importance  of  Figure  9  is  the  behavior  of  the  C’L  and  CD  curves  and  the  effects  of  tur¬ 
bulent  intensity  on  the  steady  and  unsteady  forces.  Both  the  Strouhal  C'l  and  CD  go  through  a  transition 
region  where  the  values  drop  by  ten-fold  for  jhe  Strouhal  C'l  and  somewhat  less  for  CD.  The  same 
behavior  is  observed  for  the  buffeting  C'l  and  CD\  however,  the  transition  now_ occurs  at  a  lower  value  of 
Re.  This  similarity  between  the  behavior  of  the  fluctuating  forces  and  that  of  Co  with  Re  is  an  important 
observation.  It  is  evident  that  the  magnitudes  of  CD  and  C'l  are  about  the  same  order  for  the  active  span 
of  3d  and  for  the  range  of  Re  illustrated.  This  suggests  that  for  design  purposes,  an  estimate  of  the  C'l 
can  be  obtained  from  the  Co  vs.  Re  curves  for  both  Strouhal  and  buffeting  forces.  An  exactly  similar 
behavior  was  found  for  the  fluctuating  drag  although  its  amplitude  was  an  order  of  magnitude  lower.3 
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Figure  9.  The  correspondence  between  the  steady  drag  of  an  isolated  cylinder  and  its  fluc¬ 
tuating  lift  in  uniform  and  turbulent  flow. 
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The  data  illustrated  in  Figure  9  arc  for  one  active  span  s  (.s  —  114.3  mm)  and  for  one  mesh  M  grid 
(M  =  76.2  mm).  As  the  grid  and  the  active  span  are  changed,  the  spanwise  correlation  of  the  forces  in¬ 
duced  changed.  As  the  active  span  is  reduced,  the  flow  appears  increasingly  better  correlated  in  uniform 
flow  and  the  amplitude  of  the  fluctuating  lift  coefficient  (and  fluctuating  drag)  is  expected  to  increase.  In  a 
like  manner,  in  turbulent  flow,  one  expects  the  spanwise  correlation  of  the  fluctuating  forces  to  be  propor¬ 
tional  to  the  statistically  defined  average  eddy  scale  (in  the  spanwise  direction).  Thus  as  the  ratio  of  the 
eddy  scale  to  the  active  span  increases,  one  expects  an  increase  in  the  measured  fluctuating  force 
coefficient.  It  is  physically  arguable  that  as  this  ratio  becomes  very  large,  one  should  begin  to  approach  uni¬ 
form  flow  conditions.  The  trends  suggested  by  the  above  arguments  are  illustrated  for  four  active  spans 
and  three  different  grids  in  Figures  10a,  b,  c  and  d.  In  these  figures,  the  ordinate  is  the  ratio  of  the  fluc¬ 
tuating  (RMS)  lift  to  steady  drag  coefficient.  The  parameter  between  the  different  figures  is  the  active  span 
over  which  the  force  was  measured.  For  reference,  the  Strouhal  data  measured  in  each  case  are  reproduced 
in  each  figure.  All  data  are  uncorrected  for  blockage.  The  evidence  suggests  that  for  all  three  of  the  tested 
grids,  the  transition  moves  to  a  lower  Reynolds  number  with  the  post-transition  lift  forces  being  higher  as 
the  grid  size  is  increased. 
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Figure  10a.  Fluctuating  lilt  coefficient  for  38.1  mm  active  span  with  parametric  dependence 
on  the  three  grids  (varying  turbulent  scale). 
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Figure  10b.  Fluctuating  lift  coefficient  for  76.2  mm  active  span  with  parametric  dependence 
on  the  three  grids  (varying  turbulent  scale). 
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Figure  10c.  Fluctuating  lift  coefficient  for  114.3  mm  active  span  with  parametric  dependence 
on  the  three  grids  (varying  turbulent  scale). 
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Figure  lOd.  Fluctuating  lift  cocfTicicnt  for  203.2  nun  active  span  with  parametric  dependence 
on  the  three  grids  (varying  turbulent  scale). 


The  following  section  will  take  up  the  queslion  of  sonic  scaling  relationships  to  come  from  an  examina¬ 
tion  of  the  data  from  Figure  10.  In  anticipation,  consider  the  cross  plots  in  Figure  1 1.  The  parameter  held 
fixed  in  the  two  plots  is  the  ratio  of  the  grid  mesh  dimension  M  to  the  active  span  s.  Since  all  the  data 
were  obtained  at  a  fixed  number  of  mesh  dimensions  from  the  grid,  x/M  =  10,  this  translates  directly  to 
an  equivalent  ratio  in  terms  of  integral  scale  to  span  keeping  the  intensity  approximately  fixed.  Indeed, 
since  the  turbulence  is  approximately  homogeneous  at  x/M  —  10,  there  is  a  simple  relation  between  the 
axial  length  scales  actually  measured  and  the  transverse  scales  which  were  not.  This  fact  will  be  made  use 
of  in  what  follows.  However,  it  is  clear  from  Figure  11  that  it  should  be  possible  to  develop  some  useful 
scaling  insights  from  the  data  obtained. 

Scaling  of  Isolated  Cylinder  Forces 

Several  analogies  and  possible  scaling  'elationships  have  been  already  discussed.  It  is  now  the  objective 
lo  atiempt  to  draw  these  together.  Bearman,11  following  up  on  Roshko’s  postulate13  that  changes  in  base 
pressure  are  closely  related  to  changes  in  Q>,  developed  a  semi-empirical  relationship  between  the  product 
of  the  drag  coefficient  CD,  Strouhal  number  Si  and  a  base  pressure  parameter  k  =  [I  -  ( Cp) *J 1/2.  The 
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latter  actually  represents  a  measure  of  the  separated  flow  streamline  speed.  The  base  pressure  coefficient  is 
referenced  to  the  freestrcam  static  pressure  P„  and  velocity  V„. 

The  formation  of  the  vortex  wake  behind  a  cylinder,  or  a  bluff  body,  significantly  affects  both  the  ampli¬ 
tude  of  the  pressure  drag  and  the  fluctuating  lift.  Indeed,  Bcarman  developed  his  correlation  from  a  mode) 
for  the  mean  vortex  wake  drag  deduced  by  von  Karman.14  In  light  of  the  analogy  found  to  exist  between 
the  fluctuating  lift  and  mean  drag,  it  is  natural  to  seek  an  extension  of  the  Bearman  correlation  to  the  fluc¬ 
tuating  lift  and  drag.  The  discussion  here  will  be  limited  to  the  fluctuating  lift,  the  extension  to  the  fluc¬ 
tuating  drag  being  obvious. 


Figure  11.  Cross  plot  of  buffeting  data  keeping  the  ratio  of  grid  mesh  to  actiie  span  fixed. 


Consider  a  cylinder  in  motion  with  a  velocity,  U,  in  a  liquid  otherwise  at  rest.  Let  the  axial  or  stream- 
wise  separation  of  the  shed  vortices  be  “a”  and  the  distance  between  the  two  rows  shed  be  “b.”  The  vor¬ 
tex  street  will  advance  with  a  velocity 
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where  T  is  (he  strength  of  each  vortex.  Then  by  applying  Euler’s  momentum  theorem14  over  a  cycle,  one 
obtains  Karman’s  well-known  relation  for  the  mean  pressure  drag 
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Repeating  the  above  calculation  for  the  fluctuating  lift,  there  obtains  the  relation 
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or  upon  substituting  Karman’s  constants 

CD-Sl~  0.629  V  C'i  •  Si  -0.111  C'L-St  (7) 

In  other  words,  if  a  relationship  exists  between  CD  ■  St  and  base  pressure  (Cp)s,  one  should  also  exist  be¬ 
tween  Cl  ■  Si  •  /(s/d)  and  (cp4.  The  factor  /(s/d)  is  an  unknown  function  and  is  included  here  to 
correct  the  two-dimensional  potential  flow  calculation  to  a  three-dimensional  flow  as  would  be  encountered 
in  practice.  Indeed,  it  is  experimentally  known  that  in  uniform  flow  the  spanwisc  correlation  of  vortex 
shedding  typically  extends  over  three  diameters.  The  precise  definition  of  /(s/d)  is  not  clear;  however,  in 
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(he  present  study,  the  function  f(s/d )  =  -J  s/3d  was  found  to  yield  the  best  fit.  The  square  root  function 
has  some  rationale  based  on  the  work  of  Schmidt12  and  Liepmann.16  The  resulting  correlation  for  the 
Strouhal  data  are  illustrated  in  Figure  12.  Included  in  the  figure  also  are  some  data  obtained  from  Richter 
and  Naudascher.6  The  agreement  between  the  semi-empirical  model  and  the  vortex  shedding  lift  data  are 
reasonably  good.  Also  shown  in  the  figure,  for  comparison,  is  the  original  Bearnian  curve  for  Cp  ■  St,  with 
the  function  f(s/d)  set  equal  to  unity  for  the  steady  drag.  It  should  be  noted  that  the  data  are  drawn  from 
four  different  active  spans  of  the  water  tunnel  tests.  The  same  grouping,  C'L  ■  St  ■  -J  s/3d  is  also  found  to 
correlate  the  data  with  respect  to  the  Reynolds  number  as  illustrated  in  Figure  13. 


Figure  12.  Correlation  of  Cf  St-  /(s/d)  vs.  the  base  pressure  parameter  k.  Broken  lino  is 
based  on  Equation  3.3.5,  the  solid  line  is  the  Bearman  curve  for  Cu  •  St  with 
f(s/d)  ■  1.  Data  are  all  from  the  uniform  flow  case  in  the  water  tunnel  and 
Richter  and  Naudaschor.’J^,  Richter  and  Naudascher  data-.7  O,  38.1  mm  span, 
present  tests;  4,  76.2  mm  span,  present  tests;  □,  114.3  mm  span,  present  tests; 
O,  203.2  mm  span,  present  tests.  The  remaining  data  are  subcritical  data 
points  from  the  buffeting  measurements. 


Figure  13.  Correlation  of  Strouhal  forces,  C\,  -  St  ■  V  s/3d,  with  Reynolds  number.  The 
symbols  are  the  same  ones  used  in  Figure  12. 
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Figure  14.  Correlation  of  buffeting  forces,  Cy,  •  St  •  -J  S/M  with  Reynolds  number.  All 
buffeting  data  for  38.1  mm  diameter  cylinder: 
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Figure  15.  Modified  Bearman  correlation  for  the  fluctuating  buffeting  forces.  Ordinate  and 
the  symbols  arc  the  same  as  Figure  14  and  abscissa  same  as  Figure  12. 

Given  that  a  grouping  of  the  type  C'L  •  St  ■  f(s/7),  where  7  is  a  measure  of  the  spanwise  coherence  of 
the  fluctuating  forces,  is  found  to  work  for  the  Strouhal  forces,  one  is  tempted  to  speculate  whether  a  simi¬ 
lar  correlation  can  be  found  for  buffeting  forces.  Upon  testing  various  groupings,  a  reasonably  simple 
correlation  was  found  for  the  grouping  C't  •  St  ■  V  s/M,  where  M  is  the  grid  mesh  dimension.  This 
choice  is  somewhat  arbitrary  except  that  the  turbulent  scales  are  closely  related  to  the  mesh  dimension  as  a 
function  of  x/ M.  In  the  current  tests,  xl M  was  held  fixed  at  10  for  all  the  grids.  In  fact,  the  subcritical 
correlation  (as  has  been  discussed  already)  is  rather  better  if  the  grid  turbulence  is  ignored  and  the  factor 
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3d  is  used  instead  of  M.  The  undefined  symbols  in  Figure  12  are  in  fact  the  subcritical  buffeting  points 
correlated  using  3d  as  the  factor.  The  resultant  correlation  using  the  water  tunnel  data,  with  the  s/M  fac¬ 
tor,  for  four  different  active  spans  is  examined  in  Figures  14  and  15.  While  this  simplified  approach  does 
appear  to  work  reasonably  well  for  the  Strouhal  lift,  the  scatter  in  the  buffeting  situation  is  somewhat 
greater.  That  is  not  surprising  considering  both  the  transitional  character  of  the  data  and  the  simplicity  of 
the  parameter  grouping. 

In  examining  the  above  plots,  two  points  should  be  carefully  borne  in  mind.  All  of  the  water  tunnel 
data  here  discussed  were  obtained  on  a  single  diameter  cylinder  of  38.1  mm.  None  of  the  water  tunnel  data 
here  presented  were  corrected  for  blockage.  While  both  lift  and  drag  can  be  corrected  for  blockage  by  the 
relationships  suggested  by  Richter,6  such  blockage  correction  is  not  available  for  the  base  pressure 
coefficient  (Cp)4.  Additional  work  is  required  to  pin  down  the  effect  of  blockage  on  the  base  pressure  be¬ 
fore  the  curves  can  be  viewed  as  true  correlations.  However,  the  plots  do  suggest  the  approximate  form  of 
the  correlations  (especially  Figures  12-14)  and  offer  the  promise  that  the  fluctuating  forces  could  perhaps  be 
estimated  from  a  single  base  pressure  measurement. 
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ABSTRACT 

This  paper  presents  a  systematic  investigation  of  the  influence  of  stream 
turbulence  on  the  pressure  forces  on  a  single  tube.  Grids  were  used  to  produce 
different  turbulent  flow  fields  with  longitudinal  integral  scale  (eddy  size) 
ranging  from  0.1  to  0.5  tube  diameters  and  turbulence  intensities  ranging  from 
0.1  to  3.2,#.  The  measurements  were  carried  out  at  two  Reynolds  numbers,  2-7- 101' 
and  lt.1-104,  respectively. 

Results  are  presented  for  the  mean  and  fluctuating  pressures  including 
spectral  distributions,  skewness  and  flatness  factors  of  the  fluctuating  pre¬ 
ssure.  The  rras  force  coefficients  were  estimated  using  the  phase  differences  and 
rms  pressure  coefficients  around  the  tube. 

The  results  indicate  considerable  influence  of  the  turbulence  intensity  but 
weaker  influence  of  the  eddy  size  and  of  the  Reynolds  number. 

NOMENCLATURE 

Op  =  mean  drag  coefficient 

=  rms  drag  coefficient 

0^  =  mean  pressure  coefficient  =  (p  -  p^J/q 

=  rms  pressure  coefficient  =  p'Al 

D  =  tube  diameter 
f  =  frequency 

f  =  natural  frequency  of  pinhole  system 
f.  =  vortex  shedding  frequency 

Pr  =  reference  static  pressure 

p  =  mean  static  pressure 

p'  =  rms  pressure  fluctuation  on  the  tube  surface 

q  =  dynamic  head  =  pu2/2 

Re  =  Reynolds  number  =  UD/v 

S  =  Strouhal  number  =  f_D/U 

Tu  =  turbulence  intensity  =  u'/U 

U  =  mean  velocity 

u’  =  rms  velocity  fluctuation 
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a  =  angle  from  forward  stagnation  point 
i(p  =  tp(a)  -  <p( -a) 

?  =  damping  parameter  of  pinhole  system 
A  =  macroscale  of  velocity  fluctuation 
X  =  microscale  (Taylor)  of  velocity  fluctuation 
v  =  kinematic  viscosity 
p  =  density 

<p(a)  =  phase  between  reference  and  p(cr) 

Subscripts 

b  =  base 
m  =  maximum 

INTRODUCTION 

In  the  flow  through  the  interstices  of  a  tube  bundle  of  the  type  used  in 
heat  exchangers,  very  high  level  of  turbulence  may  be  generated.  This  turbulence 
causes  buffeting  of  the  tubes,  and  this  is  one  of  the  mechanisms  by  which  tube 
vibration  is  initiated  and  sustained.  When  the  dominant  frequency  of  the  turbu¬ 
lent  flow  matches  the  natural  frequency  of  the  tube,  a  considerable  transfer  of 
energy  may  occur  leading  to  significant  vibration. 

Turbulent  buffeting  is  not  always  identified  as  the  primary  cause  of  tube 
damage  but  it  might  initiate  the  tube  motion  leading  to  fluid-elastic  instability. 
Also  the  buffeting  may  be  the  cause  of  long  term  damage. 

An  empirical  equation  for  estimation  of  the  dominant  frequency  for  turbulent 
buffeting  has  been  proposed  by  Owen  [l).  This  equation, obtained  from  investiga¬ 
tions  with  gas  flowing  across  an  ideal  tube  bundle,  does  however  not  include  any 
leading  turbulence  parameter  (e.g.  turbulence  intensity  or  eddy  size).  Thus  there 
is  a  great  need  for  further  investigation. 

Although  earlier  investigations  have  dealt  with  the  effect  of  incident  tur¬ 
bulence  fields  on  the  pressure  forces  on  circular  cylinders,  the  influence  of  the 
stream  turbulence  intensity  and  eddy  size  (integral  scale)  has  not  been  fully  re¬ 
vealed.  The  interaction  between  the  incident  turbulence  and  e.g.  vortex  shedding 
is  not  fully  understood  and  thus  there  is  need  for  additional  investigations.  For 
recent  reviews,  see  [2,3]. 

The  overall  objective  of  the  present  work  is  to  measure  the  fluctuating  pre¬ 
ssure  on  the  surfaces  of  single  tubes  and  tube  bundles  and  to  establish  adequate 
correlations  relating  these  forces  to  the  intensity  and  scale  (eddy  size)  of  the 
turbulence. 

Another  objective  is  to  study  the  interaction  of  the  vortex  shedding  and  stream 
turbulence  and  the  corresponding  influence  on  the  vibration  characteristics. 

The  present  paper  reports  results  for  a  single  tube  and  is  a  brief  account 
of  a  comprehensive  work  on  the  buffeting  phenomenon. 

EXPERIMENTAL  EQUIPMENT  AND  INSTRUMENTATION 

Windtunnel  and  turbulence  generating  grids 

The  experiments  were  performed  in  a  closed-circuit  low-speed  windtunnel,  see 
Fig.  1.  The  dimensions  of  the  working  section  are  2.9  m  (length),  0.5  m  (height) 
and  O.it  m  (width).  With  a  honeycomb  and  two  screens  in  the  settling  chamber  to¬ 
gether  with  a  long  contraction,  the  longitudinal  turbulence  intensity  in  the 
working  section  is  less  than  0.1  %. 

Turbulent  flows  can  be  generated  by  placing  grids  across  the  entrance  of  the 
working  section.  In  this  investigation,  three  different  grids  were  used.  They  were 
all  biplanar  with  square  meshes  and  circular  rods ,  see  Table  1 . 
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Fig.  1 .  The  windtunnel 


Table  1  Data  for  the  turbulence  generating  grids 


Grid  lio 

Ear  Size  mm 

Mesh  Size  mm 

Pressure  loss  coeff 

1 

1 

5 

0.63 

2 

It 

20 

0.51' 

3 

7 

35 

0.56 

Velocity  field  measurements 

The  measurements  of  mean  and  fluctuating  velocities  upstream  the  tube  were 
carrier'  out  with  a  Pitot-static  tube  and  single  DISA  hot  wires  of  5  pm  diameter. 

The  turbulence  structure  downstream  the  grids  was  at  first  measured  in  the 
empty  tunnel.  The  distributions  of  the  turbulence  intensity  Tu  and  the  eddy  size 
to  diameter  ratio  A/D  are  shown  in  Fig.  2. 

_ Grid  t  _  Grid  2  - Grid  3 


Di s tonce  from  Gr i d(m) 

Fig.  2.  Turbulence  structure  downstream  the  grids 


With  the  tube  in  place  there  will  be  a  complex  interaction  between  the  mean 
flow  around  the  tube  and  the  approaching  stream  turbulence.  At  some  distance  up¬ 
stream  the  tube;  this  interaction  will  be  negligible.  Typical  distributions  of 
the  turbulence  intensity  and  the  eddy  size  are  depicted  in  Fig.  3-  As  is  evident, 
the  approaching  turbulence  undergoes  amplification  close  to  the  tube  surface. 


Fig.  3.  Turbulent  structure  in  the  working  section 
with  and  without  the  tube  in  place.  Tu^  -  local  Tu, 

Tu„-  Tu  based  on  freestream  velocity. 

Note:  X  from  tube  axis,  stagnation  line. 

The  position  where  the  turbulence  intensity  is  independent  of  the  presence 
of  the  tube  can  be  taken  as  the  definition  point  for  the  approaching  turbulence. 
This  definition  has  been  used  in  related  heat  transfer  studies  [to-6].  However, 
in  the  present  work,  the  definition  is  taken  from  the  curves  in  Fig.  2  at  the 
position  downstream  the  grids  where  the  tube  is  placed  during  the  measurements. 
The  relation  between  these  two  methods  of  definition  can  be  found  from  Fig.  3- 

To  enable  a  systematic  variation  in  the  turbulent  parameters,  the  tube  was 
placed  at  different  positions  downstream  the  grids.  In  that  way,  the  turbulence 
intensity  can  be  kept  constant  while  the  eddy  size  is  varied  or  alternatively, 
the  eddy  size  can  be  kept  constant  while  the  intensity  is  varied. 

In  these  flow  measurements,  a  digital  data  aquisition  system  with  a  VAX 
11/750  computer  was  employed.  A  sampling  frequency  of  10  kHz  was  used  and  200 
ksamples  were  taken  at  each  point  of  measuring.  The  eddy  size  (A)  was  obtained 
as  the  mean  value  of  the  macroscale  from  the  autospectrum  (low  frequency  limit) 
and  the  integral  time  scale  using  Taylor's  hypothesis. 

Measurements  of  the  fluctuating  pressures  on  the  tube 

The  tube  had  an  outer  diameter  of  4 1  mm  and  was  divided  in  two  sections. 

One  section  was  a  steel  pipe  while  the  other  was  made  of  aluminium  and  contained 
a  microphone  which  was  connected  to  the  tube  surface  through  a  cannula  (pinhole 
arrangement)  which  was  9-5  mm  long  and  had  an  inner  diameter  of  O.k  mm,  see 
Fig.  It. 

In  the  spanwise  direction  pressure  taps  of  0.5  mm,  connected  to  a  manometer, 
were  placed.  The  outer  surface  of  the  tube  was  polished. 
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Fig.  It.  Test  tube  with  microphone  in  pinhole  arrangement. 

Dimensions  in  mm. 

The  tube  was  mounted  horizontally  and  rigidly  between  the  side-walls  of  the 
working  section  but  could  be  rotated  in  steps  of  1  deg  and  positioned  at  diffe¬ 
rent  locations. 

In  order  to  obtain  a  two-dimensional  flow  around  the  tube  and  to  obtain 
correct  levels  of  the  measured  pressure  distribution  and  the  calculated  drag 
coefficient,  it  was  found  necessary  to  use  end  plates  on  the  tube.  To  find  the 
proper  placement  of  the  end  plates,  an  investigation  was  carried  out.  This  in¬ 
vestigation  suggested  that  if  the  end  plates  were  placed  approximately  35  -  !»0 
mm  from  the  side-walls  of  the  windtunnel  (just  outside  the  wall  layers)  results 
sufficiently  independent  of  the  end  plate  position  were  obtained.  Similar  pro¬ 
blems  have  been  investigated  and  discussed  in  [7,8].  With  the  end  plates  (similar 
design  as  in  [7,8])  in  place,  a  blockage  ratio  of  8-3  %  and  a  span  length  to  dia¬ 
meter  ratio  of  8.0  prevailed. 

The  acoustic  pressure  field  in  the  tunnel  was  measured  by  microphones  flush- 
mounted  in  the  tunnel  floor  and  by  microphones  (equipped  with  nose  cones)  placed 
in  the  stream. 

The  microphone  system  employed  was  of  Bruel  and  Kjaer  fabrication  (1/2" 
microphone  Type  hlb7  with  Carrier  System  Type  2631)  and  had  a  frequency  response 
ranging  from  0.01  Hz  to  16  kHz  (1  1  dB).  The  sensitivity  checked  by  a  Sound  Level 
Calibrator  \B  &  K  Type  4230)  and  the  in-built  calibration  signal  was  typically 
20  rsV/Pa. 

The  frequency  response  for  the  pinhole  arrangement  showed  a  Helmholtz  reso¬ 
nance  which  could  be  described  as  a  second-order  system  (f  -  635  Hz,  5=0.31). 
The  calculated  spectral  distributions  were  corrected  for  this  frequency  response. 
The  unfiltered  output  from  the  pinhole  microphone  was  dominated  by  frequencies 
below  250  Hz  and  therefore  it  was  of  secondary  importance. 

Vibration  studies  were  made  with  an  accelerometer  (B  &  K  Type  !i368.  Condi¬ 
tioning  Amplifier  Type  2626). 

When  necessary,  the  outputs  from  the  transducers  were  filtered  and  amplified 
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(Krohn  Hite  Model  33^0  and  3700).  For  accurate  measurements  of  the  root  mean 
square  (rms)  and  mean  voltages  a  HP  Digital  Voltmeter  3^56A  was  used. 

In  the  sampling  and  evaluation  of  data  the  VAX  11/750  computer  again  was 
used.  The  sampling  frequency  and  the  number  of  samples  taken  were  chosen  in  such 
a  way  that  suitable  resolution  and  high  statistical  accuracy  were  achieved.  In 
the  spectral  analysis  the  signals  were  low-pass  filtered  at  half  the  sampling 
frequency  in  order  to  avoid  aliasing  errors. 

Fluctuating  lift  and  drag  forces 

The  spanwise  and  circumferential  correlations  between  the  fluctuating  pre¬ 
ssures  at  two  points  on  the  tube  surface  are  of  great  engineering  importance  in 
that  they  yield  information  about  the  rms -values  and  spanwise  coherence  of  the 
fluctuating  lift  and  drag  forces. 

For  these  correlation  measurements  we  are  using  a  technique  similar  to  the 
one  used  by  Kiya  et  al.  [9]  and  Arie  et  al.  [10].  These  measurements  are  not  com¬ 
pleted  but  will  be  reported  in  a  later  paper.  However,  estimations  for  the  fluc¬ 
tuating  forces  using  a  simplified  procedure  will  be  given. 

Disturbances 

Acoustic  disturbances  in  a  windtunnel  may  influence  the  fluctuating  flow 
field  and  the  associated  forces  on  an  object  placed  in  the  flow  but  to  which  ex¬ 
tent  is  not  fully  revealed,  see  [11,12]. 

An  extensive  study  of  the  acoustic  disturbances  in  our  windtunnel  showed 
that  the  sound  level  in  the  working  section  was  high,  typically  2  %  of  the  dyna¬ 
mic  head  at  10  m/s  (no  grid).  Spectral  and  correlation  analysis  showed  that  the 
major  contribution  was  concentrated  in  a  frequency  band  around  30  Hz  associated 
with  a  longitudinal  standing  acoustic  wave.  The  corresponding  wavelength  matched 
with  the  distance  between  the  corners  in  the  upper  part  of  the  tunnel  system. 

An  installation  of  17  tuned  Helmholtz  resonators  and  an  ordinary  acoustic 
muffler  reduced  the  sound  level  by  a  factor  greater  than  2. 

Also,  the  standing  wave  pattern  implies  that  the  associated  wave-components 
at  different  locations  are  coherent.  By  measuring  the  coherence  function  between 
an  additional  microphone  flush-mounted  in  the  tunnel  floor  far  upstream  the  tube 
(-  10  diameters)  and  the  pinhole  microphone  it  was  possible  to  subtract  or  com¬ 
pensate  for  the  remaining  part  of  these  disturbances. 

It  is  worth  noting  that  on  the  major  part  of  the  tube  surface  the  flow  - 
induced  pressure  fluctuations  are  of  such  a  magnitude  that  the  disturbances  are 
negligible.  However,  in  the  stagnation  zone  the  fluctuations  are  small,  especial¬ 
ly  if  the  oncoming  flow  is  non-turbulent.  At  this  region  of  the  tube  surface  the 
subtraction  technique  was  applied. 

The  use  of  end  plates  to  reduce  the  interference  effect  from  the  tunnel 
walls  has  been  described  earlier. 

Other  common  types  of  disturbances  present  in  investigations  like  this  were 
controlled  without  any  large  difficulties. 

RESULTS 

Results  from  ten  different  cases  are  reported,  see  Table  2.  At  first  no  end 
plates  were  fitted  to  the  tube.  This  resulted  in  pressure  distributions  and  drag 
coefficients  which  for  the  non-turbulent  cases  deviated  much  from  the  generally 
accepted  values.  The  cause  of  this  was  found  to  be  interference  effects  from  the 
boundary  layers  on  the  tunnel  walls.  To  remedy  this,  end  plates  had  to  be  used 
as  outlined  in  an  earlier  section. 

All  cases  were  in  the  subcritical  range  where  the  flow  is  dominated  by  vor- 
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tex  shedding. 


Table  2  Parameters  for  cases  investigated. 
X  -  Distance  downstream  the  grids,  U  - 
Nominal  velocity. 


Case 

Grid  No 

X[m] 

U[m/s] 

Turn 

A/D 

X/D 

CD 

S 

0 

- 

1.7 

10 

0.1 

- 

_ 

1.18 

0.192 

1 

- 

1.7 

15 

0.1 

- 

- 

1.21 

0.189 

2 

3 

0.7 

10 

3.25 

0.31 

0.11 

1.26 

0.189 

12 

3 

0.7 

15 

3.15 

0.29 

0.11 

1.25 

0.188 

1* 

1 

0.3 

10 

1.30 

0.10 

0.08 

1.21 

0.187 

11 

1 

0.3 

15 

1.33 

0.10 

0.07 

1.22 

0.186 

3 

2 

1.7 

10 

1.28 

0.32 

0. 16 

1.26 

0.190 

8 

2 

1.7 

15 

1.26 

0.31 

O.ll* 

1.26 

0.187 

7 

3 

2.6 

10 

1.3*» 

0.k9 

0.20 

1.20 

0.188 

10 

3 

2.6 

15 

1.28 

0.h6 

0. 18 

1.20 

0.186 

Mean  quantities 

Fig.  5  depicts  the  mean  pressure  coefficient  for  some  of  the  cases  in  Table 
2.  Data  were  corrected  for  tunnel  blockage  by  the  method  of  Allen  and  Vincenti  as 
described  in  f 1 3 , 1 U ] .  The  maximum  correction  applied  for  the  mean  velocity  and 
the  drag  coefficient  were  3.**  and  7-9  %>  respectively. 


Fig.  5.  Distributions  of  the  mean  pressure  coefficient, 

Cp(a),  on  the  tube  surface.  Cases  refer  to  Table  2. 

From  Fig.  5  it  is  evident  that  the  mean  pressure  coefficient  on  the  up¬ 
stream  side  of  the  tube  is  almost  unaffected  by  the  stream  turbulence.  This  is 
in  agreement  with  the  assumptions  and  findings  in  [I*-6],  The  base  pressure  in 
the  wake  region  is  however  slightly  altered  by  the  stream  turbulence  and  thus 
there  is  an  interaction  between  the  external  turbulence  and  the  wake  flow. 

The  mean  drag  coefficients  were  determined  by  integration  of  the  mean  pre¬ 
ssure  distributions.  The  vortex  shedding  frequencies  were  determined  from  spec- 
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tral  measurements  at  a  =  60  deg  ( resolution « 0.2  Hz).  Table  2  shows  that  when  the 
Reynolds  number  was  changed  from  2.7- ICr  (>»  10  m/s)  to  It.l-io’1  (»  15  m/s)  a 
slight  increase  in  the  drag  coefficient  appeared.  The  corresponding  Strouhal  num¬ 
ber  (S  =  f„D/U,  fg  shedding  frequency)  decreased  slightly  (non-turbulent  cases). 
However,  these  variations  were  smaller  for  the  turbulent  cases.  For  the  non  - 
turbulent  cases  the  values  of  the  mean  drag  coefficient  are  in  agreement  with  the 
standard  data  reported  in  e.g.  [15].  This  confirms  that  for  all  cases,  the  flow 
is  in  the  pre-transitional  range. 

RMS  -  distributions 

The  distribution  of  the  rms  pressure  coefficient  C1  are  presented  in  Fig.  6 
for  the  same  cases  as  in  Fig.  5-  ^ 


a 


Fig.  o.  Distributions  of  the  rms  pressure  coefficient, 

Cp(a),  on  the  tube  surface.  For  legend,  see  Fig.  5- 

All  distributions  exhibit  a  maximum  at  an  angle  of  about  77  deg,  which  is 
close  to  the  separation  point.  The  similarity  between  the  distributions  is  sig¬ 
nificant.  This  is  in  accordance  with  other  investigations,  for  instance  t9 , 163 . 
The  span  in  C'  covered  by  the  different  cases  clearly  demonstrates  the  sensi¬ 
tivity  to  variations  in  the  turbulence  of  the  oncoming  flow.  The  Reynolds  number 
effect  on  C'  was  small  except  for  the  non-turbulent  flow.  The  non-turbulent 
cases  are  iS  agreement  with  i . e .  [17  3 ■ 

The  rms-pressure  fluctuations  around  the  tube  are  increased  by  the  blockage 
(see  e.g.  Modi  and  El-Sherbiny  (183).  The  similarity  in  the  C’  -  distributions 
therefore  suggests  that  an  increase  in  the  dynamic  head  is  an1’ appropriate  correc¬ 
tion  to  the  rms-pressure  coefficient.  However,  this  blockage  effect  is  not  fully 
understood  and  therefore  no  correction  was  applied  in  this  investigation. 

The  maximum  value  of  the  rms-pressurt  coefficient  ( r'0  )  increased  by  the 
stream  turbulence  by  as  much  as  h5  %■  The  rms-pressure  coefficient  at  the  base 
(CPb)  a^so  *>y  the  turbulence.  Changes  of  order  30  -  50  %  occur  com¬ 

pared  to  the  non-turbulent  flow.  Both  the  turbulence  intensity  and  the  integral 
scale  (eddy  size)  influence  these  coefficients  although  the  effect  of  the  scale 
is  weaker. 

A  direct  comparison  with  other  studies  is  not  possible  since  the  effect  of 
the  turbulence  intensity  and  eddy  size  have  not  usually  been  separated. 
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Spectral  and  statistical  analysis 

When  the  oncoming  flow  was  turbulent  the  levels  of  the  pressure  fluctuation 
spectra  were  increased  for  all  values  of  a.  The  angular  variation  of  the  power 
spectral  density  (PSD)  for  case  12  (see  Table  2)  is  shown  in  Fig.  7-  The  peak  at 
the  fundamental  Strouhal  frequency  (fg)  disappears  at  the  rear  stagnation  point 
(a  =  180  deg)  where  the  energy  around  the  second  harmonic  (2fg  )  has  a  maximum. 
The  component  at  three  times  the  shedding  frequency  (3fg  )  is  discernible,  in 
particular  between  a  =  130  -  160  degrees.  Except  for  high  frequencies  the  spec¬ 
tral  distributions  are  similar  for  all  the  cases  investigated. 


180° 


Strouhal  no 

Fig.  7-  Power  spectral  density  distribution.  Case  12. 

Note:  20  dB  between  sicmarcs  on  vertical  axis. 

Strouhal  no  =  fD/U. 

The  pressure  signals  showed  a  strong  low-frequency  amplitude  modulation 
which  increased  from  the  stagnation  point.  The  importance  of  these  modulations 
was  pointed  out  by  Sonneville  [19],  who  suggested  that  they  were  associated  with 
slow  changes  in  the  region  of  formation  of  the  shedding. 

The  distributions  in  different  Strouhal-bands  at  different  positions  ar« 
shown  in  Fig.  8  (Case  11,  see  Table  2). 

The  energy  around  the  fundamental  Strouhal  frequency  (fD/U  =  0.1  -  0.3) 
dominates  the  spectra  except  near  the  rear  region.  This  level,  which  is  associ¬ 
ated  with  the  strength  of  the  vortices  shed,  was  influenced  by  the  turbulence. 

The  half-power  (-3  dB)  bandwidth  was  increased  by  the  velocity  but  the  turbulence 
effect  was  small. 

Further  measurements  are  needed  to  clarify  phase-  and  coherence-relations 
for  different  spectral  components. 

The  statistical  analysis  was  based  on  computation  of  the  probability  density 
function  (PDF)  of  the  pressure  signals  (statistical  moments,  minimum  and  maximum 
pressures).  The  distributions  in  Fig.  9  are  typical  in  a  general  view  for  all 


On  the  stagnation  line  (a  =  0  deg)  the  distributions  are  almost  Gaussian  (skew¬ 
ness  =  0,  flatness  =  3)  and  the  amplitude  is  dependent  on  the  upstream  turbulence 
level.  The  fluctuations  grow  in  magnitude  in  the  boundary  layer  region  up  to  the 
separation  point.  In  the  region  of  decelerated  flow  (adverse  pressure  gradient), 
the  minimum  pressure  coefficient  reaches  a  minimum  and  the  rms-distribution  a 
maximum  (a  »  77  deg).  The  higher  order  moments  change  very  rapidly  in  this  re¬ 
gion.  For  angles  between  90  and  120  degrees,  the  variations  are  small.  The  most 
striking  feature  is  the  variations  in  the  region  a  «  130  -  160  degrees.  The  in- 
termittency  of  the  pressure  in  this  region  is  reflected  in  the  extreme  values  of 
the  higher  order  moments  (rms,  skewness,  flatness).  This  seems  to  be  associated 
with  the  entrainment  of  fluid  bearing  vorticity  of  opposite  sign  (secondary  cir¬ 
culation)  discussed  by  Surry  [16]  and  Gerrard  [20]. 

Estimation  of  the  fluctuating  forces  .  _ 

"  So  and  Savkar  [2]  found  that  for  Reynolds  numbers  between  1014  -  10  ,  con¬ 
servative  estimates  of  the  fluctuating  lift  force  coefficient  and  the  fluc¬ 
tuating  drag  coefficient  are  obtained  by  the  relations  C^/Cp  =0.8  and  C^/C^  = 
0.1,  respectively. 

The  distance  between  the  tube  and  the  place  wh^re  the  periodic  wake  is 
formed  decreases  at  a  Reynolds  number  of  about  2,10-’  and  the  wake  is  formed  close 
to  the  shoulder  (a  =  90  deg)  at  a  Reynolds  number  of  about  5  *  10*4  (non-turbulent 
flow),  see  Bloor  [21 ].  The  measurements  by  Gerrard  [22,23)  show  that  the  flow  in 
this  Reynolds  number  range  is  highly  sensitive  to  disturbances  (e.g.  freestream 
turbulence).  He  also  found  that  the  variations  in  the  rms-pressure  coefficient 
and  the  turbulence  intensity  at  the  shoulder  are  similar  to  the  variations  in 
C^.  In  another  investigation  by  Kiya  et  al.  [9)  it  was  found  that  C^/Cp(90) 

2. 

In  order  to  estimate  the  fluctuating  forces  on  the  tube,  the  phase  - 
difference  between  the  fluctuating  velocity  0.1  diameter  above  the  tube  at  a  = 

90  deg  and  the  fluctuating  pressures  around  the  tube  surface  was  measured  (mid¬ 
span  position).  Fig.  10  shows  the  phase-difference  between  the  corresponding 
angles  30,  60,  90,  120  and  150  degrees  from  the  stagnation  point  for  fD/U  (Strou- 
hal  no)  below  0.75  (Cases  0  and  3). 

A  simple  calculation  procedure  using  these  phase-differences  and  the  rms- 
pressure  coefficients  (weighted  by  an  estimation  of  the  coherence  between  the 
corresponding  angles)  in  different  Strouhal  bands  gave  an  estimation  of  the  sec¬ 
tional  pressure  forces  on  the  tube.  The  major  contribution  to  the  fluctuating 
lift  came  from  energy  around  the  fundamental  Strouhal  frequency  (fg)  while  the 
contributions  to  the  fluctuating  drag  were  dominated  by  energies  at  low  Strouhal 
numbers  (fD/U  <  0.1)  and  from  energy  around  the  second  harmonic  (2fg  ).  A  com¬ 
parison  between  cases  0  and  3  (ReQ  =  2.7- 10*1,  Tu  =  0.1,  1.3  JO  is  summarized  in 
Table  3- 


Table  3  Calculated  fluctuating  force  coefficients 
and  measured  quantities  for  cases  0  and  3.  Tu  = 
turbulence  intensity  at  a  =  90  deg,  0.1  diameter 
above  the  tube  surface. 


Case 

CPm 

Cp(90) 

CPb 

-Sb 

Tut/5) 

CD 

CL 

0 

0.32 

0.27 

0.22 

1.20 

U  .0 

0.07 

0.5*1 

3 

OJil 

0.37 

0.30 

1.32 

5-'» 

0.09 

0.73 

These  variations  are  in  accordance  with  the  estimates  just  given.  For  in¬ 
stance,  the  variations  in  are  very  similar  to  the  variations  in  Cp(90)  and  the 
turbulence  at  the  shoulder.  As  judged  from  [23),  the  turbulence  effect  seems  to 
be  a  reduction  in  the  length  of  the  formation  region.  The  alterations  in  the  base 
pressure  coefficients  clearly  demonstrates  that  the  wake  flow  is  affected  by  the 
stream  turbulence. 


Case  0 


Case  3 


Fig.  10.  Phase-difference  between  corresponding  angles 
on  the  tube  surfaces.  Cases  0  and  3. 

A  more  rigorous  determination  of  and  will  be  possible  when  the  span- 
wise  and  circumferential  correlation  coefficients  are  available. 

CONCLUSIONS 

The  results  of  the  experimental  investigation  presented  in  this  paper  pro¬ 
vide  new  and  additional  information  concerning  fluctuating  pressures  on  a  single 
tube  placed  in  a  turbulent  stream. 

The  investigation  was  carried  out  at  two  different  Reynolds  numbers  (2.7 •  10*' 
and  .  1  *  10** )  with  varying  turbulence  intensity  (0.1  -  3.2  %)  and  eddy  size  (A/D 
=  0.1  -  0.5)  of  the  approaching  stream. 

For  the  flow  ranges  considered,  the  Reynolds  number  effect  was  small  while 
the  influence  on  the  mean  drag  coefficient  and  maximum  pressure  coefficient  by 
the  stream  turbulence  was  such  that  increases  of  order  5  %  and  15  -  **5  55  occured, 
respectively,  compared  with  the  non-turbulent  flow. 

The  experiments  were  all  in  the  subcritical  or  pre-transitional  range  where 
the  vortex  shedding  dominates  the  flow  but  an  interaction  between  the  stream  tur¬ 
bulence  and  the  vortex  shedding  was  found. 

Spectral  and  statistical  analysis  indicated  that  different  physical  mecha¬ 
nisms  take  place  at  various  angular  positions  on  the  tube  surface. 
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ABSTRACT 

The  effect  of  large  amplitude  cylinder  motion  on  the  vortex 
shedding  process  was  investigated  using  a  small  flush  mounted  force 
transducer.  The  experiments  were  carried  out  in  the  MIT  Marine 
Hydrodynamics  Laboratory's  closed  circuit  water  tunnel.  The  test 
cylinder  was  subject  to  forced  harmonic  motion  in  a  direction 
transverse  to  the  cross  flow  at  amplitude  to  diameter  ratios  up  to 
0.5  in  the  reduced  frequency  range  0.1  <  f d/U„  «  0.3.  Lock-in 
boundaries  were  determined  for  a  Reynolds  Number  of  19,300.  Both 
the  locked-in  and  non  locked-in  behaviours  were  investigated. 

The  test  cylinder  was  spring  mounted  in  the  water  tunnel  to 
determine  its  vibratory  response  to  vortex  shedding  excitation. 

The  system  showed  hysteresis  in  that  the  response  was  different  for 
increasing  flow  velocities  as  compared  to  decreasing  flow  veloci¬ 
ties.  The  forced  vibration  data  were  used  to  explain  this  hystere- 
tic  behaviour. 

1.  INTRODUCTION 

The  vibration  of  cylindrical  structures  due  to  vortex  shedding 
excitation  can  be  an  important  mechanism  leading  to  structural 
failure.  Destructive  levels  of  vibration  have  been  observed  in 
towing  lines  (Blevins  [1]),  power  lines  (Blevins  [1]),  and  trash 
racks  (Crandall  [2]).  Due  to  the  complexity  of  the  vortex  shedding 
process,  much  of  the  information  about  it  comes  from  model 
experiments  and  full  scale  measurements.  A  review  of  the  recent 
work  on  the  topic  can  be  found  in  King  [3]  or  Sarpkaya  (4].  The 
vortex  shedding  process  is  sensitive  to  several  different  distur¬ 
bances  such  as:  freestream  turbulence,  cylinder  end  conditions, 
surface  roughness,  and  cylinder  motion.  Cylinder  motion  plays  an 
important  role  in  the  vortex  shedding  process.  It  causes  the 
magnitude  of  the  vortex  shedding  forces  to  increase  and  tends  to 
organize  the  normally  random  shedding  of  vortices  along  the  length 
of  the  cylinder  as  can  be  seen  in  data  taken  by  Toebes  [5].  The  mean 
drag  of  the  cylinder  also  increases  due  to  the  cylinder  motion.  These 
effects  result  in  large  increases  in  the  loads  carried  by  cylindrical 
structural  elements  and  can  lead  to  premature  structural  failure. 
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The  effect  of  cylinder  motion  on  the  vortex  shedding  process 
was  investigated  in  the  MIT  Marine  Hydrodynamics  Laboratory's 
closed  circuit  water  tunnel.  The  test  cylinder  was  subjected  to 
forced  harmonic  motion  in  a  direction  transverse  to  the  freestream 
flow.  The  results  of  the  forced  motion  experiments  were  used  to 
estimate  the  motion  of  a  spring  mounted  cylinder  that  was  con¬ 
strained  to  move  transverse  to  the  flow  direction. 

2 .  EXPERIMENTAL  PROGRAM 

2. 1  Water  Tunnel 

The  experiments  were  conducted  in  the  MIT  Marine 
Hydrodynamics  Laboratory's  closed  circuit  water  tunnel.  The  test 
section  of  the  water  tunnel  is  50.8  cm  square  and  137  cm  long.  The 
contraction  ratio  leading  to  the  test  section  is  4.5:1.  There  is  a 
honeycomb  of  one  inch  diameter  acrylic  tubes  upstream  of  the 
contraction  to  reduce  the  turbulent  intensity  levels.  The  range  of 
speeds  used  was  from  0.12  m/sec  to  10.0  m/sec.  The  velocity 
profile  was  uniform  across  the  test  section  and  the  freestream 
turbulence  level  was  0.9%.  The  water  tunnel  was  selected  for  use 
because  it  was  possible  to  achieve  controlled  large  amplitude  two 
dimensional  cylinder  motions  at  Reynolds  Numbers  above  10,000.  The 
test  cylinder  was  mounted  in  a  yoke  and  was  forced  to  vibrate  by  a 
mechanical  shaker  as  shown  in  Figure  1. 


Figure  1.  Schematic  of  Water  Tunnel  Facility 

2.2  Force  Transducer  and  Yoke 

The  force  transducers  used  in  this  investigation  were  deve¬ 
loped  in  the  MIT  Acoustics  and  Vibration  Laboratory  and  are 
described  in  more  detail  in  Moeller  [6].  A  schematic  of  the  force 
transducer  is  shown  in  Figure  2.  The  transducer  consists  of  a  ring 
element  that  is  flush  mounted  in  the  center  of  the  test  cylinder. 

The  ring  element  is  attached  to  a  cantilever  beam  element  that  is 
fixed  in  the  test  cylinder.  The  transducer  is  sensitive  to  the 
relative  displacement  of  the  beam  element  with  respect  to  the  test 
cylinder.  This  relative  motion  was  kept  as  small  as  possible 
(10Er6  cylinder  diameters  maximum).  This  small  relative  motion  did 
not  interfere  with  the  vortex  shedding  process  under  investigation, 
transducers  were  sealed  with  a  commercially  available  RTV  elastomer. 
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Figure  2.  Schematic  of  Force  Transducer 

The  transducers  were  calibrated  with  a  specially  developed 
magnet  and  coil  calibrator.  The  transducers  had  a  bending  resonance 
at  1.6  kHz.  This  resonance  was  well  above  the  frequency  range  of 
interest,  0-50  Hz.  The  transducer  calibration  was  verified  in  situ. 

The  apparatus  used  to  oscillate  the  test  cylinder  in  water  was 
designed  by  Schargel  [7].  A  schematic  of  this  apparatus  is  shown 
in  Figure  3.  The  cylinder  was  supported  in  a  yoke.  The  aspect  ratio 
of  the  test  cylinder  was  25.6.  The  yoke  consisted  of  a  pair  of  struts 
with  endplates  at  the  end  of  the  test  cylinder.  The  endplates  were  ten 
cylinder  diameters  in  diameter.  The  struts  were  supported  in  a  frame 
attached  to  the  top  of  the  water  tunnel.  Mounted  inside  the  frame  were 
four  ball  bushings  (two  per  side).  The  ball  bushings  were  aligned  so 
that  the  yoke  could  only  oscillate  in  the  vertical  direction.  The 
struts  of  the  yoke  extended  vertically  downward  through  the  plexiglass 
window  of  the  water  tunnel.  The  window  was  sealed  with  3/8  inch  thick 
neoprene  compression  seals. 

The  yoke  was  attached  to  a  B+K  model  4801  shaker  using  a  B+K  4818 
mode  study  shaker  head.  The  power  was  supplied  by  a  B+K  model  2707 
power  amplifier.  The  shaker  had  a  displacement  limit  of  25.4  cm  and  a 
force  limit  of  381  Newtons.  The  shaker  was  used  to  oscillate  the  test 
cylinder  at  a  controlled  amplitude  and  frequency.  At  low  frequencies 
the  displacement  limit  of  the  shaker  controlled  the  maximum  amplitude. 
At  high  frequencies  the  maximum  force  controlled  the  maximum 
displacement  that  could  be  achieved. 

2.3  Stationary  Cylinder  Results 

The  transducer  was  used  to  determine  the  unsteady  force  coef¬ 
ficients  for  a  stationary  cylinder  spanning  the  water  tunnel.  The 
cylinder  had  end  plates  to  isolate  the  center  pf  the  test  cylinder  from 
end  conditions.  The  transducer  was  used  to  measure  the  unsteady  lift 
forces  and  then  rotated  90  degrees  and  used  to  measure  the  drag  forces. 
The  spectrum  levels  for  the  unsteady  lift  and  drag  forces  are  shown  in 
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Figure  4.  The  spectrum  levels  for  the  lift  forces  show  a  peak  at  the 
vortex  shedding  frequency.  The  spectrum  levels  for  ‘-the  unsteady  drag 
show  a  peak  at  twice'  the  vortex  shedding  frequency  and  the  spectrum 
levels  of  the  drag  tend  to  increase  with  decreasing  frequency  for  low 
frequency.  The  measured  values  of  lift  coefficient  are  plotted  versus 
Reynolds  Number  in  Figure  5.  The  measured  drag  coefficients  are  shown 
in  Figure  6.  The  mean  drag  coefficient  was  approximately  1.35  for 
6000  <  Re  <  45,000;  The  measured’  lift  coefficients  compare  well  to 
those  measured  in  air  by  Moeller  (6).  in  the  MIT  Acoustics  and 
Vibration  Laboratory's  low  noise  wind  tunnel  using  a  similar  force 
transducer  modified  for  in  air  testing. 


Figure  3.  Schematic  of  Yoke 


Figure  4.  Spectrum  Levels  Lift  and  Drag  Force 
- Lift,  -  Drag 
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Figure  5.  RMS  Sectional  Lift  Coefficient  for 

a  Stationary  Cylinder,  A  Water  TI  =  0.9%, 
•  Air  TI  =  1.2%  Moeller  (6) 


Figure  6.  RMS  Sectional  Drag  Coefficient  for  a 
Stationary  Cylinder,  TI  =  0.9% 


2.4  Forced  Oscillation  Results 

The  force  transducer  was  placed  in  the  yoke  and  oscillated  by  the 
B+K  shaker  system.  An  accelerometer  on  the  yoke  sensed  the  motion  of 
the  yoke  and  transducer.  The  result  was  a  simultaneous  measurement  of 
unsteady  force  and  cylinder  motion.  The  experiments  were  performed  by 
first  setting  the  desired  flow  velocity  and  setting  the  desired 
frequency  on  the  oscillator.  The  cylinder  motion  was  then  changed 
from  rest  to  the  desired  amplitude  of  motion.  The  flow  was  allowed  to 
stabilize  and  the  data  were  taken.  The  data  were  analyzed  using  a 
Hewlett  Packard  Structural  Dynamics  Analyzer  type  5423A. 


The  transducer  was  used  to  investigate  the  forces  on  the  test 
cylinder  while  it  underwent  forced  harmonic  oscillation  in  a 
direction  transverse  to  the  flow.  When  the  cylinder  was  stationary, 
the  force  transducer  responded  to  forces  on  it  due  to  the  vortex 
shedding.  These  forces  occurred  in  a  narrow  band  about  the  vortex 
shedding  frequency,  f % .  The  cylinder  was  oscillated  in  the 


61 


presence  of  a  mean  flow  at  the  forcing  frequency,  f*  (different  from 
the  shedding  frequency,  f $ )  at  a  fixed  amplitude.  The  response  was 
observed  at  both  the  shedding  frequency  and  the  forcing  frequency. 

The  excitation  was  a  pure  tone  at  the  forcing  frequency  and  the 
measured  acceleration  was  nearly  pure  tone.  The  force  and 
acceleration  data  were  analyzed  in  the  frequency  domain.  The 
magnitude  of  the  force  and  acceleration  were  monitored  at  the  forcing 
frequency.  The  magnitude  of  the  force  at  the  shedding  frequency  was 
also  monitored.  The  cross-spectrum  of  the  force  and  acceleration  was 
used  to  determine  the  relative  phase  of  the  force  arid  acceleration  at 
the  forcing  frequency.  The  force  at  the  driving  frequency  was  broken 
down  into  two  components;  the  force  in  phase  with  the  acceleration  and 
the  force  out  of  phase  with  the  acceleration.  The  force  in  phase  with 
the  acceleration  included  the  response  of  the  transducer  to  its 
effective  mass.  The  force  in  phase  with  the  velocity  was  the  work 
producing  force. 

A  phenomenon  that  has  been  observed  before  is  that  the  shedding 
frequency  would  change  from  the  Strouhal  frequency  to  the  forcing 
frequency  under  certain  conditions.  This  phenomenon  was  termed  lock- 
in  by  Bishop  and  Hassan  [8].  The  lock-in  effect  has  been  observed  for 
in-line  oscillations  as  well  as  transverse  oscillations  (Crandall  et 
al  [2]).  In  this  paper  we  deal  only  with  transverse  pscillations. 

The  lock-in  effect  was  investigated  at  discrete  points  in  the 
nondimensional  displacement,  nondimensional  frequency  space.  The 
amplitude  displacement,  8  was  r.ondimensionalized  on  the  cylinder 
diameter, 8"  =8/d.  The  frequency  was  nondimensionalized  using  the 
shedding  frequency,  f*  =  fs/ff •  This  nondimensionalization  was 
selected  to  facilitate  the  use  of  the  forced  data  in  interpreting 
naturally  oscillating  cylinder  phenomena.  The  lock-in  effect  was 
investigated  in  the  region  0.0  <  8n  <  0.5  and  0.6  <  f*  <  1.4.  This 
corresponds  to  a  fd/U  range  of  0.10  <  fd/U»  <  0.30.  This  range  was 
determined  by  shaker  displacement  limit  and  peak  power.  The  data  show 
the  frequencies  and  amplitudes  required  for  lock-in  to  occur.  Both 
the  locked-in  and  non  locked-in  behaviours  were  investigated. 

The  region  of  f*-8n  space  where  lock-in  occurred  is  shown  in 
Figure  7  for  a  Reynolds  Number  of  19,300.  The  trend  in  the  data  was 
that  the  closer  the  forcing  frequency  was  to  coincidence  with  the 
shedding  frequency,  the  smaller  the  amplitude  of  motion  required  for 
lock-in  to  occur.  Lock-in  boundaries  have  been  determined  by  other 
investigators.  Koopman  [9]  and  Mercier  [10]  used  flow  visualization 
techniques  to  determine  when  the  flow  was  locked-in.  The  current  data 
is  in  good  agreement  with  the  lock-in  boundaries  determined  by  other 
investigators  in  spite  of  significant  differences  in  Reynolds  Numbers. 

In  the  non  lock-in  region  the  response  of  the  force  transducer 
showed  two  peaks  in  its  response:  a  broad  peak  associated  with  the 
vortex  shedding  and  a  peak  associated  with  the  cylinder  motion. 

Figure  8  is  an  example  of  the  non  locked-in  spectrum  levels  of  the 
lift  force  for  f*  =  1.36  and  8n  =  0.21.  The  peak  at  the  forcing 
frequency  includes  the  inertial  force  of  the  transducer  ring  element. 
At  the  forcing  frequency  for  amplitudes  up  to  8n  =  0.4  the  fluid 
loading  was  predominately  mass-like.  The  motion  of  the  cylinder  did 
not  completely  disrupt  the  shedding  of  vortices  at  the  vortex  shedding 
frequency.  There  was  still  the  same  character  to  the  force  spectrum 
as  when  the  cylinder  was  stationary  at  the  same  Reynolds  Number, 
except  for  the  peak  at  the  forcing  frequency  due  to  the  cylinder 
motion. 
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Figure  7.  Lock-in  Boundaries  in  f*-8n  Space 


Figure  8.  Spectrum  Levels  Lift  Force,  Forced  Oscillation 
Re  =  19,300,  f*  =  1.36,  S„  =  0.21 


In  the  locked-in  region  the  shedding  frequency  changed  from 
the  Strouhal  frequency  to  the  forcing  frequency  and  only  one  peak 
occurred.  An  example  of  the  lock-in  behaviour  is  shown  in 
Figure  9  for  an  f*  =  1.0  and  a  8n  =  0.20.  The  spectrum  levels  for 
a  stationary  cylinder  are  also  shown  in  Figure  9.  The  cylinder 
motion  has  organized  the  flow  as  can  be  seen  from  the  narrowness  of 
the  peak  for  the  locked-in  case.  An  example  of  locked-in  and  non 
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locked-in  behaviour  at  the  same  forcing  frequency  is  shown  in 
Figure  10  for  an  f*  =  0.91  and  8n  =  0.05  and  8n  =0.32.  This  shows 
that  at  a  fixed  frequency  the  flow  can  be  either  locked-in  or  not 
locked-in  depending  on  the  amplitude  of  motion.  The  non  locked-in 
case  shows  two  peaks  and  the  locked-in  case  has  only  one. 


Figure  9.  Spectrum  Levels  Lift  Force,  Forced  Oscillation 

Re  =  19,300,  f*  =  1.0, -  Sn  =  0.0, 

- S n  =  0.21 


FREQUENCY  -  HZ 


Figure  10.  Spectrum  Levels  Lift  Force,  Forced  Oscillation 

Re  =  19,300,  f*  =  0.91, -  Sn  =  0.05 

- Sn  =  0.32 
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3.  SPRING  MOUNTED  CYLINDER  RESULTS 


Tests  were  undertaken  to  determine  the  response  of  a  spring 
mounted  cylinder  to  vortex  shedding  excitation.  The  arrangement 
utilized  the  existing  frame  and  yoke.  Springs  were  mounted  on  the' 
yoke  outside  the  water  tunnel  as  in  Figure  11.  The  springs  were 
located  such  that  there  was  a  set  holding  the  yoke  to  the  water 
tunnel  and  another  set  that  was  tied  to  a  chain  hoist  that  was  used 
to  pretension  all  the  springs.  The  pretensioning  was  necessary  so 
that  the  springs  would  operate  in  their  linear  domains.  The 
pretensioning  was  large  enough  so  that  the  springs  were  in  tension 
throughout  the  tests.  The  system  was  designed  to  have  a  resonant 
frequency  as  close  to  15  Hz  as  possible  so  that  the  Reynolds  Number 
range  would  correspond  to  the  forced  oscillation  tests. 


Figure  11.  Schematic  of  Spring  Mounted  Cylinder 

The  system  characteristics  were  determined  experimentally. 

The  moving  mass  was  measured  to  be  2.4  Kg.  The  natural  frequency 
was  measured  by  plucking  the  cylinder  and  observing  its  response. 
The  damping  was  determined  from  the  same  tests.  The  tests  were 
done  in  air  and  then  the  water  tunnel  was  filled  with  water  and  the 
tests  were  repeated.  The  results  are  summarized  in  Table  1. 


Condition 

dry 

wet 


TABLE  1 

Resonant  Frequency 
13.8  Hz 
13.4  Hz 


Quality  Factor 
25.0 
14.4 
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An  accelerometer  was  placed  on  the  yoke  outside  the  water  tunnel 
and  used  to  determine  the  acceleration  response  of  the  structure.  The 
flow  was  initiated  and  stabilized.  The  acceleration  response  spectrum 
levels  were  determined  for  each  flow  condition  using  the  Hewlett- 
Packard  Analyzer.  The  path  the  system  follwed  in  the  displacement 
frequency  space  is  plotted  in  Figure  12.  Also  shown  in  Figure  12  are 
the  lock-in  boundaries  determined  from  the  forced  motion  experiments. 
The  corresponding  frequency  v.s.  nondimensional  frequency  plot  is 
shown  in  Figure  13. 

The  ordinate  in  Figure  12  is  the  nondimensional  frequency.  It  is 
defined  to  be  the  shedding  frequency  for  a  stationary  cylinder  at  that 
velocity  (f*  =  0.2U*/d)  divided  by  the  resonant  frequecy  of  the  spring 
mounted  cylinder  in  water.  Defined  this  way.  The  nondimensional 
frequency  increases  with  flow  velocity.  In  Figure  12  the  dots 
represent  the  path  followed  when  the  flow  velocity  was  increasing  and 
the  x's  represent  the  path  followed  when  the  flow  velocity  decreased. 
Similarly,  Figure  13  shows  the  variation  of  the  cylinder  response 
frequency  with  nondimensional  frequency.  The  dots  show  the  path 
followed  with  increasing  flow  velocity  and  the  x's  show  the  path 
followed  with  decreasing  flow  velocity. 


Figure  12.  Response  Diagram,  Spring  Mounted  Cylinder 

•  Increasing  Velocity,  x  Decreasing  Velocity 
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Figure  13.  Variation  of  Cylinder  Response  Frequency  with 
Nondimensional  Frequency 
•  Increasing  Velocity 
x  Decreasing  Velocity 

The  spring  mounted  cylinder  showed  a  definite  hysteresis  loop 
with  the  amplitude  and  spectrum  levels  of  the  acceleration  response 
depending  on  whether  the  point  was  approached  from  a  higher  or  lower 
velocity.  This  type  of  double  amplitude  response  has  been  observed  by 
Feng  [11]  and  Tsahalis  and  Jones  (12).  The  maximum  amplitude  of 
cylinder  response  did  not  occur  at  the  coincidence  of  the  natural 
frequency  with  the  shedding  frequency.  The  cylinder  did  not  lock-in 
with  increasing  velocity  until  coincidence.  The  maximum  amplitude 
occured  just  before  the  cylinder  detuned  from  the  locked-in  condition 
and  returned  to  a  non  locked-in  response. 

The  hysteretic  behaviour  was  investigated  by  both  stopping  the 
cylinder  and  releasing  it  from  rest  and  by  displacing  the  cylinder  and 
releasing  it.  When  the  cylinder  was  released  from  rest  it  rose  to  the 
lower  branch  of  the  hysteresis  loop  when  the  flow  conditions 
corresponded  to  the  hysteresis  region.  Outside  this  region,  the 
cylinder  returned  to  its  initial  amplitude.  This  is  the  same 
behaviour  observed  by  Feng  [11].  When  the  spring  mounted  cylinder  was 
displaced  and  released,  the  observed  behaviour  depended  on  the 
nondimensional  frequency.  When  the  nondimensional  frequency  was 
outside  the  hysteresis  region,  the  cylinder  would  settle  to  the  same 
conditions  observed  without  the  initial  disturbance.  When  the 
nondimensional  frequency  was  in  the  hysteresis  region,  the  observed 
response  depended  on  how  close  the  nondimensional  frequency  was  to 
unity  and  on  the  amplitude  of  the  initial  disturbance.  At  a  fixed 
nondimensional  frequency,  the  cylinder  would  not  lock-in  if  the 
disturbance  was  small.  If  the  disturbance  was  large  enough,  the 
cylinder  would  lock-in  and  respond  at  a  large  amplitude.  The  size  of 
the  disturbance  necessary  to  cause  lock-in  was  smaller  the  closer  the 
nondimensional  frequency  was  to  unity.  At  the  largest  nondimensional 
frequency  that  lock-in  occurred  with  increasing  velocity,  it  was  not 
possible  to  give  the  test  cylinder  a  large  enough  initial  amplitude  to 
achieve  the  lock-in  condition.  The  result  is  that  a  naturally 
oscillating  cylinder  can  be  locked-in  or  not  locked-in  depending  on 
the  cylinders'  initial  conditions. 
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4.0  ANALYSIS  OF  DATA 

An  attempt  to  utilize  the  information  gained  from  the  forced 
oscillation  experiments  has  been  made.  This  description  is  only  valid 
for  cylinders  constrained  to  move  in  a  direction  transverse  to  the 
flow.  A  description  of  a  naturally  oscillating  cylinder  has  been 
formulated  using  the  lock-in  boundaries  in  a  displacement  frequency 
space.  The  result  from  experiments  at  one  Reynolds  Number  have  been 
utilized  to  make  predictions  over  a  range  of  Reynolds  Numbers.  The 
shedding  frequency  for  a  stationary  cylinder  was  nondimensionalized  by 
the  still  water  resonant  frequency  of  the  naturally  oscillating 
cylinder,  f*  =  fs/fr  •  The  stationary  cylinder  shedding  frequency  fs 
is  fs  =  0.19Uo*/d.  The  displacement  was  nondimensionalized  using  the 
cylinder  diameter  and  the  lock-in  boundaries  of  Figure  7  were 
utilized.  The  resonant  frequency  replaces  the  forcing  frequency  in 
the  nondimensionalization.  In  the  resonant  case  the  shedding 
frequency  changes  from  the  Strouhal  frequency  to  the  natural 
frequency,  whereas  in  the  forced  case  it  changes  from  the  Strouhal 
frequency  to  the  forced  frequency.  In  both  cases  it  is  the  motion  of 
the  cylinder  that  causes  the  change  in  character  of  the  flow. 

The  stationary  cylinder  lift  spectrum  levels  were  used  to  compute 
the  nonlocked-in  response.  The  non  locked-in  data  showed  that  the 
cylinder  motion  does  not  drastically  alter  the  spectrum  levels  of  the 
force  for  small  amplitude  displacements.  The  unsteady  lift 
coefficients  do  not  change  much  in  the  Reynolds  Number  range  from 
15,000  to  50,000  and  the  shedding  occurs  at  the  Strouhal  frequency.  A 
simple  fit  to  the  spectrum  levels  of  the  force  was  used  to  predict  non 
locked-in  response  amplitudes.  A  simple  mechanical  oscillator  was 
used  to  estimate  the  response  of  the  spring  mounted  cylinder  to  flow. 
The  equation  for  the  squared  magnitude  of  the  transfer  function  from 
displacement  response  due  to  an  input  force  is 


|H(f)|2 
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The  response  spectrum  was  estimated  by  multiplying  the  structural 
response  function  by  the  forcing  function.  The  local  force 
coefficients  were  corrected  for  cylinder  length  using  stationary 
cylinder  correlation  lengths.  This  assumes  that  the  motion  does  not 
correlate  the  flow  for  the  conditions  of  interest,  i.e.  non  locked-in 
low  amplitude  motions.  The  result  of  correcting  for  the  cylinder 
length  is 
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The  result  is  the  displacement  spectrum  levels  for  the  cylinder  at  a 
fixed  flow  velocity.  This  estimate  of  the  response  neglects  the 
damping  due  to  the  fluid  for  low  amplitude,  non  locked-in  flows.  The 
displacement  spectrum  levels  are  then  integrated  to  determine  the  rms 
displacement.  The  rms  displacement  and  nondimensional  frequency  are 
checked  against  the  lock-in  boundaries  in  Figure  7  to  see  if  the  point 
corresponds  to  a  locked-in  condition  or  not.  If  it  does  not 
correspond  to  a  locked-in  condition  then  the  response  estimate  is 
assumed  to  be  valid. 

When  the  lock-in  boundary  in  displacement-frequency  space  is 
encountered  the  previous  model  is  no  longer  valid.  The  vortex 
shedding  frequency  changes  from  the  Strouhal  frequency  to  the  resonant 
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The  estimated  response  is  shown  in  Figure  15.  The  response  shows 
a  region  in  f*-  8n  space  where  the  cylinder  can  be  locked-in  or  not 
locked-in  depending  on  the  path  followed  in  f*-  8n  space. 

This  region  corresponds  to  1.15  <  f*  <  1.3.  This  hysteretic  behaviour 
was  observed  in  the  spring  mounted  cylinder  tests. 


Figure  15.  Estimated  Cylinder  Response  Diagram 
Spring  Mounted  Cylinder  in  Water 


5.  RESULTS  AND  CONCLUSIONS 

1)  Lock-in  boundaries  were  determined  in  the  reduced  frequency 
range  0.1 <  fd/Uoo  <  0.3  for  amplitude  to  diameter  ratios  up  to 

8n=  0.5. 

2)  The  vibratory  response  of  a  spring  mounted  cylinder  was  observed. 
The  cylinder  was  constrained  to  move  transverse  to  the  flow  direction 
The  response  showed  a  region  where  the  cylinder  could  be  locked-in  or 
not  locked-in  at  the  same  velocity. 

3)  The  response  of  the  spring  mounted  cylinder  was  estimated  using 
forced  vibration  data.  The  lock-in  boundaries  in  the  f*-Sn  space 
were  used  to  describe  the  state  of  the  cylinder  motion.  The 
hysteretic  behaviour  that  was  observed  was  due  to  the  fact  that  the 
lock-in  boundaries  were  amplitude  dependant  as  well  as  frequency 
dependant. 
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ABSTRACT 


The  purpose  of  the  research  reported  here  is  to  attempt  to  clarify  the 
conditions  under  which  in-line  oscillations  of  a  circular  cylinder  occur,  and 
to  establish  the  oscillation  characteristics. 

A  mathematical  model  has  been  developed  which  attempts  to  represent  a 
cylinder  vibrating  in  the  streamwise  direction.  This  mathematical  model  is 
based  on  the  Van  der  Pol  equation  and  is  similar  in  many  respects  to  one  series 
of  models  which  exists  for  cross-flow  oscillations.  Solutions  to  the 
mathematical  model  indicate  the  possibility  of  in-line  oscillations  and  the 
results  so  obtained  have  been  fitted  to  experimental  data,  thus  evaluating  the 
free  parameters  in  the  mathematical  model. 

An  experiment  was  carried  out  to  establish  the  effects  of  reduced 
velocity,  Reynolds  number,  surface  roughness,  and  freestream  turbulence  on  the 
stability  of  a  circular  cylinder  to  in-line  oscillations.  Results  obtained 
from  the  test  program  indicate  that,  within  the  range  of  conditions  covered, 
in-line  oscillations  occur  when  the  Reynolds  number  is  in  the  critical  range, 
and  then  only  when  free-stream  turbulence  exists.  Surface  roughness  of  the 
test  cylinders  did  not  appear  to  play  a  significant  role. 

1.  INTRODUCTION 


Investigations  into  the  nature  of  flow-induced  oscillations  of  cylinders  *< 
in  the  streamwise  direction  began  to  appear  in  the  literature  after  the  * 
problems-  encountered  during  the  construction  of  an  oil  jetty  at  Immingham,  i 
England,  in  the  tidal  flow  of  the  Humber  estuary  [l],  [2].  The  main  results  ) 
emerging  from  the  Immingham  experience  are  summarized  below:  . 


(a)  Flow-induced  oscillations  in  the  streamwise  direction  developed  over 
a  Reynolds  number  range  2x10s  -  6x10s,  which  is  expected  to  be  close 
to  the  critical  range  for  a  smooth  cylinder. 

(b)  These  oscillations  occurred  over  two  distinct  ranges  of  reduced  ’• 

velocity,  V  =  V/f  D:  v 

(i)  close  to  =  2.0,  accompanied  by  symmetric  vortex  shedding;  ; 


'j 


* 

} 


(ii)  close  to  V  =  2.5,  where  alternate  vortex  shedding  was  observed. 

The  response  peak  at  V  =  2.5  was  easiest  to  explain,  being  a  simple 
harmonic  of  the  well  documented  cross-flow  vibration  peak  in  which  the  frequen¬ 
cy  of  cylinder  vibration  is  twice  the  vortex  shedding  frequency.  The  response 
peak  at  V  ~  2.0  corresponded  to  a  self-excited  cylinder  oscillation  that  was 
completely  unexpected.  The  amplitudes  of  oscillaton  (a/D  £  0.1)  were  an  order 
of  magnitude  smaller  than  those  associated  with  cross-flow  oscillations,  but 
were  still  large  enough  to  make  construction  difficult  and  to  potentially 
damage  the  jetty  structure.  Symmetric  vortex  shedding  was  observed  to 
accompany  the  in-line  oscillations  at  V  =  2.0,  the  two  symmetric  vortices 
being  shed  once  every  cycle  of  oscillation^ 

Subsequent  investigations  have  confirmed  the  existence  of  two  response 
peaks  for  in-line  oscillations,  and  have  demonstrated  that  the  Reynolds  number 
need  not  be  in  the  critical  range  for  in-line  oscillations  to  occur.  Flow- 
induced  streamwise  oscillations  of  flexible  contilevered  cylinders  in  flowing 
water  have  been  reported  at  Reynolds  numbers  well  below  the  expected  critical 
range  j3].  This  leads  to  the  notion  that  there  are  two  distinct  types  of 
in-line  oscillation  and  that  they  have  different  fundamental  mechanisms. 

Based  on  in-line  cylinder  oscillations  in  the  critira.  Reynolds  number 
range,  a  quasisteady  model  was  proposed,  reference  14],  to  explain  a  possible 
mechanism  for  these  oscillations.  This  model  is  based  on  an  instability 
criterion  which  is  only  satisfied  in  the  critical  Reynolds  number  range,  where 
the  mean  drag  coefficient  vs.  Reynolds  number  curve  has  a  negative  slope. 

Almost  nothing  is  known  of  the  mechanism  responsible  for  the  symmetric 
vortex  shedding  phenomenon  associated  with  the  first  instability  range  of 
in-line  oscillations  near  V  =  2.0.  In  this  paper  it  is  proposed  that  the 
symmetric  vortex  shedding  is  due  to  a  cycle  of  vortex  formation  and  shedding  on 
a  time  scale  which  is  short  compared  to  the  time  scale  necessary  for  the 
development  of  a  (stable)  alternate  vortex  shedding  pattern.  If  the  Reynolds 
number  is  low  enough  when  the  cylinder  is  moving  downstream,  then  a  pair  of 
symmetric  vortices  (Foppl  vortices)  form  behind  the  cylinder  and  remain 
attached  [5).  As  the  Reynolds  number  increases,  this  pattern  of  vortex 
formation  breaks  down  and  the  vortices  are  shed  alternately.  However,  if  the 
time  scale  of  vortex  formation  is  long  compared  to  the  time  scale  of  the 
cylinder  oscillation,  then  an  alternate  pattern  may  never  develop  before  the 
Reynolds  number  again  falls.  This  could  account  for  the  observation  of  a  pair 
of  symmetric  vortices  being  shed  once  each  cycle  of  cylinder  oscillation. 

2.  THEORETICAL  DEVELOPMENT 

2. 1  Van  der  Pol  Oscillator  Model 

Vortex-induced  cylinder  oscillations  in  the  transverse  (or  cross-flow) 
direction  have  been  described  methematically  using  a  lift-oscillator  model  in 
which  the  lift  coefficient  satisfies  the  Van  der  Pol  oscillator  equation  (6), 
[7].  In  this  paper  a  similar  approach  is  taken  to  describe  vortex-induced 
cylinder  oscillations  in  the  streamwise  (or  in-line)  direction. 

The  Van  der  Pol  oscillator  model  has  traditionally  been  employed  in  this 
area  of  fluid  mechanics  as  a  relatively  simple  description  of  the  periodic 
separated  flow  around  an  oscillating  bluff  body.  The  model  predicts  self- 
excited  (self-limiting)  oscillations,  the  frequency  of  which  can  be  related  to 
the  Strouhal  frequency  to  describe  the  role  of  vortex  shedding  in  exciting  the 
cylinder  oscillations.  The  interaction  of  the  cylinder  motion  with  the 
oscillator  is  through  a  forcing  term  which  will  be  discussed. 

2.2  Mathematical  Formulation 

The  physical  problem  of  a  cylinder  subjected  to  vortex-induced  oscilla¬ 
tions  in  the  streamwise  direction  will  be  modelled  as  a  damped  mass-spring 
system  for  the  equation  of  the  cylinder  motion,  coupled  through  the  forcing 


terras  to  a  Van  der  Pol  equation  for  the  instantaneous  fluctuating  drag  coef¬ 
ficient. 

The  equation  of  motion  in  the  streamwise  direction  may  be  written  as 
Mx’i  +  cxj  +  kxj  =  (forcing) 

where  M  is  the  cylinder  mass,  including  the  added  mass.  The  simplest  forcing 
term  that  could  be  proposed  is  !spDLV2.C^,  where  C,.  is  the  fluctuating  drag 
coefficient.  A  somewhat  more  general  forcing  term  involved  C*  as  well  as  C.., 
where  Cp  is  the  mean  drag  coefficient.  The  mean  drag  force '’term  is  omitted 
because  it  does  not  contribute  to  the  cylinder  oscillations. 

Introducing  the  dimensionless  variables  t  =  w  tj  =  /k/ti  t.t  and 
x  =  X|/D,  this  equation  can  be  written  in  nondimensional"form: 

x  +  2£x  *  x  =  (forcing),  (1) 

,  £ 

where  i,  =  -  and  a  dot  (•)  denotes  differentiation  with  respect  to  t. 

'  n 

The  instantaneous  drag  coefficient  satisfies  a  Van  der  Pol  equation: 

CD  ‘  HS  +  +  WoCD  =  (£orcin8)>  W 

o 

where  uiQ  is  the  oscillator  frequency,  and  for  the  second  instability  range  of 
in-line  oscillations  is  taken  to  be  twice  the  dimensionless  Strouhal  fre- 

iu  £ 

s  s 

quency  u>q  =  2  —  =  2  -jr-.  The  approximate  solution  to  equation  (2)  for  small 
n  n 

forcing  is 

CD  =  CDo  sin  V’ 

4$ 

where  CDo  =  has  a  natural  physical  interpretation  as  the  fluctuating  drag 

drag  coefficient  of  a  stationary  cylinder,  which  is  approximately  0.2,  see 
reference  (8). 

The  forcing  term  in  equation  (1)  can  be  taken  to  be 

°icD  +  PiV 

. .  _  *spDLV2  _  pD2L,  V  2Cs  pD2r,  „  , 

whera  “»  "  ~  OTFD  ■  T~  ^  =  •  Wo  =  amo’ 


and  for  lack  of  more  detailed  information,  pj  is  taken  to  be  equal  to  at.  The 
forcing  term  in  equation  (2)  is  taken  to  be  a  linear  function  of  the  cylinder 
displacement  and  velocity,  and  is  written 

ax  +  bx, 

where  a  and  b  must  be  chosen  to  fit  physical  data. 

The  general  model  for  in-line  cylinder  oscillations  may,  therefore,  be 
written  as 


x  +  2£x  +  x  =  mu2  (CD  +  Op) , 

CD  -  +  iHo  +  "ft,  =  ax  +  »*’ 
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where  £  = 

c 

2Mu>  * 

(5) 

n 

Of  = 

pd2l 

32n2MS2’ 

(6) 

% 

=  0.2, 

(7) 

W  f 

and  u)  s 
0 

=  2  5T  =  2  r =  2  st  •  Vr 

(8) 

n  n 


j.s  assumed  to  be  close  to  unity. 

2.3  Model  Solutions 

To  obtain  approximate  solutions  to  equations  (3)  and  (4),  it  is  assumed 
that  all  the  coefficients  are  small,  of  order  0(e)  where  e  «  1,  except  u) 
which  is  1  +  0(e).  That  is,  the  coefficients  are  taken  to  be  £  =  e£,  a  =  ect', 
etc.,  and  U)  =  1  +  eft,  where  now  £,  a,  etc.,  and  ft  are  of  order  0(1).  Physi¬ 
cally,  these  assumptions  correspond  to  small  damping,  coupling  (forcing),  and 
small  nonlinearities.  Under  these  assumption,  equations  of  the  type  (3)  and 
(4)  can  be  solved  using  a  two-time  perturbation  expansion  (9],  [10).  The 
introduction  of  two  Lime  scales  makes  sense  physically,  as  explained  previous¬ 
ly,  if  the  fast  time  is  equated  to  the  time  scale  of  the  cylinder  oscillation 
while  the  slow  time  is  the  time  scale  of  the  formation  of  an  alternate  vortex 
pattern. 

The  assumption  is  made  that  x  and  C-  depend  not  only  on  t,  but  also  on  a 
slow  time  T  =  et.  To  order  e,  the  solution  to  equations  (3)  and  (4)  is  assumed 
to  have  the  form 


x  =  XQ(t,T)  +  C  Xi(t,T), 


CD=  CDo(t>X)  +  S  CD1(t>T)- 

Substituting  this  assumed  solution  into  equations  (3)  and  (4),  and  noticing 

3  3 

that  io2  =  1  +  2tft,  one  obtains  a  hierarchy  of  equations  to  be 


solved: 

92x 

at* 


+  x  =o 
o 


§fxi 

at Xl  " 


a2x 


3x 


3C. 


2atax  "  2^ar  +  aCn«  +  aar 


*at 


Do  “at 


and 


(9a) 

(9b) 


a2cn 

“at*"  +  cdo  =  0 

92C„ 


at2 


+  cDt  =  '2  atat 


aZcDo  ,9cdo,3  9cDo  ,0 
- Y(-9T)  +  6—  -  2ftcDo 


(10a) 


3x 

+  ax  +  b^T^ 

o  at 


(10b) 


The  general  solutions  of  equations  (9a)  and  (10a)  are 
XQ(t,t)  =  Xo(t)  cos  (t  +  <t>0(t)), 


(11) 
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V  V- 


CDo(t,t)  =  CDo(T)  C0S  (t  + 


(32) 


The  standard  procedure  in  the  two-tiroe  perturbation  method  is  to  substitute 
(11)  and  (12)  into  equations  (9b)  and  (10b),  and  equate  the  coefficients  of 
cos(t.  +  <)>),  cos(t  +  4*  )  an<i  sin(t  +  $  ),  sin(t  +  (J)  )  to  be  zero,  in  order  to 
avoid  "secular"  solutions  (solutions  °which  diverge  as  t+»).  When  this  is 
done,  four  equations  are  obtained  for  X  (x) ,  C.,  (t),  $  (x)  and  41  (x): 


-  ^Xo  *  ^aCDo(coS^o  ‘  sln^o) 


T0  L  Do  ,  .  , 

37*  =  '  ^  X~  (cospo  +  slnpo) 


--  =  !*6Cn  -  a/aVCn^  +  *sX  (bcosu  +  asinp  ) 


=  ft  -  \  g —  (acospQ  -  bsinp  ) 

Do 

Here  M0  =  H0(t)  =  4>0(t)  -  «J-«0(x) . 

To  obtain  steady-state,  single-frequency  solutions  to  equations  (13),  one 
assumes  the  response  frequency  is  1  +  tin,  where  u)  is  of  order  0(1).  The 
amplitudes  X  and  C_  are  assumed  constant,  while  the  phases  <t>0  and  t|i  both 
drift  at  the  °slow  rate  em.  Then  equations  (13)  become  v  " 

*  *»CDo  (C0SP0  ‘  =  0 

c 

u)  +  (cospo  +  sinpQ)  =  0 

O 


V>cn„  '  3/sVCn*  +  *jX  (bcosp  +  asinp  )  =  0 


to  -  fi  +  —  (acospQ  -  bsinp  )  =  0. 

LDo  0 

Equations  (14)  can  be  manipulated  to  obtain  approximate  steady-state, 
single-frequency  solutions  to  equations  (13)  in  the  following  form: 


Frequency: 


Amplitude: 


0  =  11)+  i L&kff 

U  4(0)2+^ 

lDo  3y‘  2(U)Z+Car 


Here  k;  =  «(a+b)  and  k2  =  ct(a-b) .  In  these  solutions,  (3  and  u)  may  be  thought 
of  as  "detuning"  variables:  Q  represents  the  detuning  between  the  cylinder 
natural  frequency  and  the  Van  der  Pol  oscillator  frequency,  while  to  represents 
the  detuning  between  the  response  frequency  and  the  cylinder  natural  frequency. 

The  stability  of  the  steady  state  solutions  given  by  equations  (15)- (18) 
can  be  checked  by  linearizing  equations  (13)  about  the  steady  state  solution. 


,  «  ,  4  *  \  *  - 
.  'iV* 


Positive  real  parts  of  eigenvalues  of  the  resulting  Jacobian  matrix  then 
correspond  to  unstable  solutions  of  (13). 


2 . A  Model  Predict  ions 

The  theory  outlined  in  the  preceding  sections  can  be  utilised,  with  a 
suitable  choice  of  model  parameters,  to  predict  cylinder  oscillations  in  the 
streamwise  direction.  The  model  parameter  o  is  determined  from  equation  (6) 
while  6  and  y  are  chosen  so  that  relationship  (7)  is  satisfied.  The  damping 
factor  £  can  be  determined  from  equation  (5)  if  the  damping  coefficient  c  is 
known.  A  more  useful  formuLa  in  the  case  of  small-amplitude  vibrations  in  a 
high  Reynolds  number  fiow  (11]  is  given  below: 


l  -  ( JL)c 

-  for  M  nt  IK  0’ 


09) 


where  C(,  is  the  mean  drag  coefficient.  Finally,  since  there  is  no  known 
physical  "'reasoning  guiding  the  choice  of  model  parameters  a  and  b,  these  are 
chosen  to  fit  physical  data. 

The  model  can  he  fitted  to  daLa  obtained  at  Immingharo  1 2 ]  in  both 
instability  regions  of  in-line  oscillations.  The  mass  ratio  of  the  steel  piles 
used  at  immingham  can  be  estimated  as 


FIGURE  1 :  AMPLITUDE  RESPONSE  FOR  ALTERNATE  VORTEX  SHEDDING 

In  the  second  instability  region  (near  V  =  2.5),  where  the  Reynolds  number  was 
approximately  5x10s,  and  the  mean  drag  coefficient  is  estimated  to  be  0.5,  the 
model  parameters  determined  from  (6),  (7)  and  (19)  are  s  =  0.01,  £  =  4., 
a  =  2.2,  6=2.,  y  =  50.  It  is  seen  that  the  assumption  that  all  the  para¬ 
meters  are  of  order  0(1)  is  not  strictly  adhered  to,  but  reasonable  results  are 
obtained  nevertheless.  Based  on  Van  der  Pol  oscillator  models  of  cross-flow 
vibrations  (6),  a  =  0  is  a  sensible  choice  for  the  alternate  vortex  shedding 
induced  oscillations  in  the  second  instability  region.  The  model  parameter  b 
was  chosen  to  fiL  the  Immingham  data  [2)  and  was  selected  to  be  b  =  A.  Final¬ 
ly,  the  frequency  was  translated  into  reduced  velocity  using  equation  (8): 
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where  the  Strouhal  number  was  assumed  to  be  S  =  0.2.  Stable,  steady-state 
solutions  were  computed  using  equations  (l5)-fl8),  and  these  are  shown  in 
Figure  1  with  the  Iinmingham  data  superimposed. 

The  Van  der  Pol  oscillator  model  can  also  be  fitted  to  the  first 
instability  region  of  vortex-induced,  in-line  cylinder  oscillations  (near 
V  =  2.0).  In  this  case  the  Reynolds  number  was  approximately  3.5x10s,  and  the 
mean  drag  coefficient  is  estimated  to  be  0.6.  The  model  parameters  determined 
from  (6),  (7)  and  (19)  are  e  =  0.01,  £  =  4.,  a  =  2.8,  6=3,  y  =  50.  The  main 
difference  in  the  modelling  of  the  two  instability  regions  of  in- line  osci 11a- 
■•ions  is  the  forcing  term  of  the  Van  der  Pol  equation.  It  has  been  suggested 
..hat  the  first  instability  region  might  depend  on  the  oscillation  amplitude, 
rather  than  velocity  [2].  This  was  the  motivation  f  _  taking  b  =  0  and 
selecting  a  to  fit  the  Ismingham  data.  The  model  parameter  a  was  selected  to 
be  a  =  5.  It  should  be  nottd  that  there  is  no  obvious  way  to  translate  fre¬ 
quency  into  reduced  velocity  in  the  first  instability  region.  Based  on  the 
observation  that  V.  =  2.0,  the  translation  to  reduced  velocity  was  made  rather 
arbitrarily  using 

Vr  =  (1+efi) (2) 

Stable,  steady-state  solutions,  computed  using  equations  ( 15)— (18) ,  are  shown 
in  Figure  2  with  the  Immingham  data  superimposed. 


The  Van  der  Pol  oscillator  model  shows  reasonable  agreement  with  the 
physical  data  in  the  amplitudes  of  oscillation  in  both  instability  regions,  and 
in  tne  r.-  iced  velocity  range  over  which  the  oscillations  occur  in  the  second 
instabili.y  region.  The  fluctuating  drag  coefficient,  C_  ,  is  approximately 
0.2,  as  was  desired.  It  is  seen  that  for  the  second  instability  region,  the 
fluctuating  drag  coefficient  takes  on  a  maximum  value  near  the  point  of  maximum 
oscillation  amplitude,  while  for  the  first  instability  region,  CpQ  is 
decreasing  to  a  minimum  at  the  point  of  maximum  oscillation  amplitude.  The 
model  also  predicts  that  the  phase  difference  between  the  Van  der  Pol  forcing 
and  the  cylinder  response  is  close  to  zero  in  the  first  instability  region, 
which  is  just  what  one  might  predict  for  cylinder  oscillations  excited  by  two 
symmetric  vortices  being  shed  once  every  cycle  of  oscillation.  The 
corresponding  phase  difference  for  the  second  instability  region  of  in-line 
oscillations  is  approximately  95°. 
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These  results  indicate  that  the  cylinder  oscillations  in  the  second 
istability  region  are  indeed  a  simple  harmonic  of  the  "velocity  driven" 
cansverse  cylinder  oscillations,  while  those  in  the  first  instability  region 
ay  be  "amplitude  driven". 

.  EXPERIMENTAL  RESULTS 

•  *  Test  Facilities 

Experiments  were  performed  to  study  some  aspects  of  streamwise  osci.lla- 
iohs  of  circular  cylinders.  The  test  rig,  operated  in  a  400-foot  long  towing 
hannel,  consisted  of  an  aluminum  frame  around  which  two  hydrofoil  sections 
ere  placed,  creating  a  uniform;  two-dimensional  flow  over  the  test  cylinders, 
his  rig  was  pulled  through  the  water  by  a  towing  carriage  with  very  accurate 
peed  control  at  speeds  of  up  to  20  feet/sec.  The  4-foor.  long  test  cylinders 
ere  mounted  between  the  hydrofoils  on  specially  designed  bearings  which 
l lowed  motion  of  up  to  2  inches  in  amplitude  in  any  direction  in  a  plane 
erpendj.cular  to  the  free  surface  of  the  warer. 

Two  test  cylinders  were  employed,  one  being  6.5  in.  diameter  and  the 
Cher  being  14  in.  diameter.  The  width  of  the  towing  tank  was  16  feet  and  the 
ater  depth  was  9  feet.  This  gave  a  blockage  ratio  of  5.24%  or  less.  The 
lodels  were  located  3  feet  below  the  free  surface  of  the  water.  Each  cylinder 
ould  be  fitted  with  a  surface  roughening  layer  on  which  the  height  of  the 
•rotruberences  was  about  1  mm. 

For  the  experiments  described  in  this  paper,  only  the  horizontal 
.streamwise)  cylinder  motions  were  of  interest,  so  the  bearings  were  clamped  in 
:he  vertical  direction.  Support  for  the  test  cylinders  in  the  horizontal 
[streamwise)  and  vertical  (transverse)  directions  was  provided  by  1/16  inch 
:ables  attached  to  the  bearings,  drawn  over  pulleys  of  minimal  friction,  and 
lleated  to  the  frame  of  the  test  rig.  Springs  of  various  stiffness  were 
:onnected  into  the  cables  to  provide  various  vibrational  frequencies  of  the 
:ylinders,  and  load  cells  were  connected  at  the  same  point  to  measure  the 
forces  on  the  cylinder.  The  motion  of  the  test  cylinders  was  measured  with 
Inferential  transformer  displacement  transducers  which  followed  the  cylinder 
andplates.  The  support  arrangement  for  the  test  cylinder  is  shown  in  Figure  3. 


FIGURE  3:  MODEL  SUSPENSION  SYSTEM 

The  flow  over  the  cylinder  could  be  made  turbulent  by  pulling  a  screen 
through  the  water  approximately  7  mesh  lengths  upstream  of  the  cylinder.  This 
screen  was  designed  to  provide  a  "flat”  mean  velocity  profile  along  the 
cylinder  axis,  and  a  scale  of  turbulence  approximately  equal  to  the  cylinder 
diameter.  Measurements  of  the  flow  characteristics  behind  the  screen  were  made 
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with  a  cylindrical  hot-film  probe  and  constant  temperature  anemometer.  The 
signals  from  the  hot-film  probe,  as  well  as  the  load  cells  and  displacement 
transducers,  were  recorded  directly  onto  an  on-board  computer,  and  stored  for 
later  analysis. 

3.2  Test  Results 

Flow-induced,  in-line  cylinder  oscillations  were  observed  for  a  smooth 
14-inch  outer-diameter  cylinder  in  turbulent  flow.  Figure  4  shows  a  portion  of 
the  output  from  the  displacement  transducers.  The  unstable  condition  occurred 
when  the  cylinder  natural  frequency  was  f  =  0.52  Hz,  the  Reynolds  number  was- 
R  =  1.7x10s  and  the  reduced  velocity  was ”7  =  2.6.  This  was  in  the  critical 
Reynolds  number  range  for  this  cylinder  in  turbulent  flow,  and  was  close  to  the 
reduced  velocity  expected  for  the  second  instability  region  of  in-line 
oscillations. 


These  singleTfrequency,  in-line  cylinder  oscillations  were  observed  in 
the  turbulent  flow  over  a  reduced  velocity  range  of  approximately  2. 0-3.0. 
This  also  corresponded  to  the  critical  Reynolds  number  range  for  the  cylinder 
in  turbulent  flow. 

The  oscillations  observed  were  very  small,  indicative  of  a  highly  damped 
system.  By  studying  the  decay  of  cylinder  oscillations  in  water  after  release 
from  an  initial  displacement,  the  logarithmic  decrement  of  the  system  was 
estimated  to  be  Os  =  1.8.  The  damping  factor  can  be  computed  from 

6 

t  =  ■  S  (20) 
•nzny*  +  6* 

and  it  is  found  that  £  =  25  (for  e  =  0.01).  Thus  the  damping  factor  is  about 
six  times  greater  than  that  present  at  Immingham. 

When  the  turbulence  was  removed  from  the  flow,  but  conditions  were 
otherwise  matched  to  the  unstable  condition  (critical  R  ,  V  =  2.5),  no  in-line 
cylinder  oscillations  were  observed.  It  should  be  noted  Aat  for  undisturbed 
flow  the  critical  Reynolds  number  range  is  considerably  greater  than  in 
turbulent  flow,  and  consequently  the  springs  required  to  match  the  reduced 
velocity  are  stiffer  and  provide  more  constraint  to  cylinder  motion.  With  the 
nigh  damping  present  in  the  system,  this  added  constraint  is  probably  more  than 
enough  to  prevent  oscillations  from  occurring. 
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The  test  cylinder  was  also  surface  roughened  by  gluing  to. it  1  mm  silicon 
spheres,  and  it  was  tested  under  the  same  unstable  conditions  as  the  smooth 
cylinder  (turbulent  flow,  =  2.5).  In  this  case  no  single-frequency,  in-line 
cylinder  oscillations  were  observed.  This  lends  some  support  to  the  explana¬ 
tion,  mentioned  earlier,  that  the  mechanism  responsible  for  streamwise  cylinder 
oscillatons  depends  on  an  instability  criterion  which  is  sensitive  to  the  drag 
characteristics  of  the  cylinder  14].  Figure  5  shows  the  drag  coefficient  as 
■measured  for  the  test  cylinder.  The  results  show  that  the  steepest  slope  and 
the  minimum  absolute  value  of  the  drag  are  associated  with  a  smooth  surface  in 
turbulent  flow. 


FIGURE  5:  DRAG  COEFFICIENT  vs.  REYNOLDS  NUMBER 

The  Van  der  Pol  oscillator  model  can  be  fitted  to  the  data  obtained  in 
these  experiments.  Using  equations  (6),  (7)  and  the  value  of  £  determined 
experimentally  above,  the  model  parameters  are  c  =  0.01,  £  =  25.,  a  =  1,  6  =  1, 
y  =  50,  and  b  is  taken  to  be  b  =  4.  The  parameter  a  was  chosen  to  be  zero 
since  the  observed  oscillations  occured  near  the  reduced  velocity  range 
expected  for  the  second  instability  region  of  in-line  oscillations.  The 
stable,  steady-state  model  solution  is  shown  in  Figure  6  with  values  of  the 
nondimensionalized  amplitued  (a/D)  from  the  experiments  superimposed. 

4.  CONCLUSIONS 

A  Van  der  Pol  oscillator  model  has  been  adapted  to  flow-induced  cylinder 
oscillations  in  the  streamwise  direction,  and  approximate  model  solutions  have 
been  computed  by  taking  into  account  two  inherent  time  scales  in  the  problem. 
The  model  has  been  fitted  to  experimental  data  in  the  two  instability  regions 
of  in-line  oscillations  with  good  agreement  in  the  amplitude  of  oscillation. 
The  model  predictions  make  sense  when  viewed  against  the  physical  character¬ 
istics  of  the  two  instability  regions. 

Experimental  data  have  been  obtained  which  lends  support  to  an  explana¬ 
tion  for  one  form  of  streamwise  cylinder  oscillations  which  is  based  on  an 
instability  criterion  satisfied  only  in  the  critical  Reynolds  number  range.  It 
appears  that  the  occurrence  of  in-line  oscillations  may  depend  on  a  number  of 
conditions  (critical  R  ,  critical  V  ,  damping  threshold,  freestream  turbulence 
level)  being  met  simultaneously.  The  other  form  of  in-line  oscillation  was  not 
observed,  presumably  due  to  our  high  level  of  damping. 
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appendix 

List  of  Symbols 

a  =  amplitude  ot  cylinder  oscillation 

Cjj  =  mean  drag  coefiicient  (mean  drag  force  =  tpDLV^Cp) 

D  =  cylinder  diameter 

£  =  cvlinder  natural  frequency  (u>  =  2 n£  ) 

n  n  n 

f  =  vortex  shedding  or  Strouhal  frequency  (u)s  =  2tiFs) 

L  =  cylinder  length 

M  =  cylinder  mass  (including  added  mass) 

R  =  Revnolds  number,  VD/v  (v  =  fluid  kinematic  viscosity) 
e 

S  =  Strouhal  number,  f  D/V 

r  s 

V  =  mean  flow  speed 

V  =  reduced  velocity,  V/f  D 

r  n 

p  =  fluid  density 


'  V  '  I 
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ABSTRACT 

A  long  elastic  body  of  aerodynaoically  bluff  cross  section,  capable  of 
exhibiting  either  galloping  or  vortex-induced  transverse  vibrations  in  a  flow 
normal  to  its  length,  can,  if  lightly  damped,  also  exhibit  large-amplitude 
vibrations  related  to  the  two  above  forms  but  not  predictable  from  information 
available  for  either  form  considered  separately.  Before  a  rational  explanation 
of  this  behaviour  can  be  given  it  is  necessary  to  have  some  detailed  experimental 
evidence  of  the  exciting  forces  on  the  body  during  these  vibrations.  To  this  end 
the  authors  have  made  wind  tunnel  measurements  on  a  freely-oscillating  cylinder 
of  square  section  under  closely  two-dimensional  conditions  in  both  smooth  and 
turbulent  flow.  The  test  cylinder  was  constrained  to  one  degree  of  freedom  by 
air  bearings  in  an  elastic  system  mounted  on  a  rigid  external  frame  independent 
of  the  wind  tunnel  structure.  Linear  springs  and  variable  magnetic  system  damp¬ 
ing  were  used.  The  aerodynamic  excitation  was  measured  using  a  pressure  manifold 
connected  to  pressure  taps  along  a  streamwise  line  on  one  face  of  the  test  model 
at  mid-span,  and  reporting  to  a  transducer.  Two  key  theoretical  parameters  are 
dimensionless  wind  speeds  Ur,  for  system  resonance  with  the  wake  vortex  street, 
and  UQ ,  for  the  initiation  of  galloping.  With  the  highest  damping  UQ  was  well 
above  Ur,  and  for  all  turbulence  levels  the  measurements  of  both  excitation  and 
response  supported  the  predictions  of  galloping  theory.  With  the  lowest  system 
damping  UQ  was  less  than  Uf  for  all  turbulence  levels,  and  in  these  cases  oscil¬ 
lation  always  began  at  Uf,  and  cylinder  amplitude  increased  monotonically  with  U, 
while  the  fluctuating  pressure  excitation  was  dominated  by  the  component 
synchronized  with  the  body  motion,  except  near  U  ■  3l>r,  where  a  peak  of  the  same 
order  occurred  in  the  component  at  three  times  body  frequency,  with  corresponding 
kinks  in  the  body  amplitude  curves.  Generally  the  spectrum  of  the  excitation  was 
found  to  depend  strongly  on  the  ratio  U0/Ur.  All  of  the  parameters  appearing  in 
theoretical  models  of  vortex-induced  and  galloping  oscillations  were  measured  in 
the  experiments,  and  the  observed  phenomena  are  analyzed  in  the  light  of  existing 
knowledge  of  the  two  basic  forms  of  oscillation  and  of  existing  and  possible 
theoretical  models. 
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NOMENCLATURE 

component  at  frequency 
cyN  Nfc,  N=l,2,3, •••; 

f  body  frequency 

“n 

f  »  ^  system  natural  frequency 

f  ,  f  wake  vortex  frequencies 

s 

h  size  of  square  section 

.  streamwise  turbulence 

Lx  scale 

M  mass  of  oscillating  system 

11  per  unit  span 

n  =  Jjjjj—  mass  parameter 

asymptotic  slope  of 
s  Y-U  curve 

ft. 

S  ■=  -y2—  Strout.al  number 

U  =  - pr  reduced  velocity 
n 

Uc  =  velocity  for  galloping 

l .  INTRODUCTION 


,,  m  1  reduced  velocity  for 

ur  2aS  vortex  resonance 

..  experimental  critical 

ui  velocity  for  oscillation 

V'  air  velocity 

streamwise  turbulent 
v  fluctuation 

lateral  displacement  of 
y  body 

Y  =  ^  reduced  displacement 


Y  reduced  amplitude 


a  angle  of  incidence 

a  system  critical  damping 

p  ratio 

a  effective  system  damping 

pe  during  oscillation 

p  air  density 

,  phase  angle  between 

*  and  Y 

(  )'  r.m.s.  value 


Flow-induced  transverse  vibrations  of  long  elastic  or  elastically  mounted 
cylinders  of  bluff  section  have  been  studied  in  many  laboratories,  and  the  pheno¬ 
mena  of  two  forms,  galloping  and  vortex-induced,  have  become  widely  known. 

Galloping  vibrations  were  originally  studied  in  relation  to  their  occurrence 
in  ice-covered  electric  transmission  lines,  excited  by  winds  normal  to  the  span, 
where  cho  low-frequency  large-amplitude  displacement  waves  along  the  lines  gave 
rise  to  the  name.  Galloping  represents  a  classical  instability  mechanism,  in 
chat  a  small  transverse  body  motion  creates  an  aerodynamic  force  that  increases 
the  motion.  It  has  been  most  extensively  studied  for  rigid  cylinders  of  square 
section  in  wind  tunnel  experiments  under  two-dimensional  conditions,  and  it  has 
been  shown  by  Parkinson  and  Smith  {1]  and  others  chat  a  quasi-steady  theory 

accurately  predicts  the  phenomena  of  galloping  if  the  reduced  frequency  is 

sufficiently  low.  In  this  theory  the  two  important  parameters  are  s,  the  slope 
of  the  asymptote  from  the  origin  in  the  Y-l)  plane  approached  by  the  dimensionless 
cylinder  amplitude  Y  at  high  values  of  dimensionless  wind  speed  U,  and  UQ,  Che 
wind  speed  for  the  initiation  of  galloping.  Slope  s  is  a  function  of  the  cross- 
sectional  shape  of  cho  cylinder,  which  determines  the  variation  of  static 

transverse  force  coefficient  C  with  angle  of  attack  ex.  The  initial  galloping 
speed  is  given  by  UQ=  20/nAp  where  8  is  the  system  damping  constant  expressed  as 
a  fraction  of  critical  viscous-type  damping,  n  is  the  mass  parameter,  propor¬ 
tional  to  the  ratio  of  displaced  fluid  mass  to  body  mass,  and  Aj^  =  dC  /da  |  , 

positive  for  the  cross-section  of  a  cylinder  which  will  gallop  from  rest. 

Vortex-induced  vibrations  can  occur  for  any  bluff  cylinder  whose  cross- 

section  has  an  appreciable  afterbody,  the  part  downstream  of  the  flow  separation 
points.  However,  it  has  been  nose  widely  studied  for  the  circular  cylinder, 
which  of  course  cannot  gallop.  The  phenomena  have  been  documented  by  many, 
including  Feng  [2J.  Vibrations  occur  only  over  a  discrete  range  of  U  containing 
U  ,  for  which  the  wake  vortex  frequency  C„  for  the  stationary  cylinder  is  equal 
^  *  s 

to  the  system  natural  frequency  fn-  In  the  portion  of  this  range  for  which 

amplitude  Y  exceeds  a  threshold  value,  the  wake  vortex  frequency  fv  is 
synchronized  with  cylinder  frequency  f0  at  values  close  to  fn,  and  exciting  force 
coefficient  C  leads  cylinder  displacement  Y  by  a  phase  angle  The  maximum 


cylinder  amplitude  increases  with  decreasing  system  damping  8,  but  is  self- 

limiting  to  a  value  of  the  order  of  one  diameter.  No  complete  theory  exists  for 

vortex-induced  oscillation,  but  the  lift  oscillator  models,  first  proposed  by 
Hartlen  and  Currie  (3]  and  since  studied  in  different  versions  by  many  others, 
can  correctly  duplicate  most  of  the  observed  phenomena,  and  their  development 
continues. 

Any  bluff  cylinder  that  can  gallop  can  also  exhibit  vortex-induced  vibra¬ 
tions,,  since  an  appreciable  afterbody  is  a  requirement  for  both.  Most  such 
cylinders  have  Strouhal  numbers  S-  in  the  range  .1<S<.2,  and  since  Ur=  this 
means  that  vortex-induced  -vibrations  occur  near  U=l.  on  the  other  hand,  pure 
galloping  occurs  for  U»l,  since  U  is  the  reciprocal  of  reduced  frequency.  The 
two  forms  of  wind-induced  oscillation  are  then  quite  separate,  and  do  not 
interact.  However,  in  both  forms  the  excitation  is  a  pressure  loading  over  the 
afterbody  surface  arising  from  the  kinematics  of  the  separated  shear  layers,  and 
the  response  frequency  is  always  close  to  f  .  Therefore,  if  the  wind  speed 
ranges  for  the  two  forms  are  brought  relatively  close  together  it  is  not 
surprising  that  interaction  effects  appear. 

The  current  investigation  of  these  interaction  effects  for  cylinders  of 

square  section-  was  prompted  partly  by  scientific  interest  in  a  complex  problem 

involving  phenomena  of  separated  flow  and  of  nonlinear  oscillations,  and  partly 
by  an  earlier  study  by  Parkinson  and  Sullivan  [4)  which  showed  that  there  could 
be  important  engineering  implications  for  the  behaviour  of  towers.  In  this  study 
models  of  tall  towers  of  square  section  were  tested  in  a  large  boundary  layer 
wind  tunnel  in  a  wind  closely  simulating  to  model  scale  wind  conditions  in  a  sub¬ 
urban  area.  With  high  system  damping  the  towers  exhibited  galloping  behaviour  in 
accordance  with  predictions  of  the  quasi-steady  theory.  However,  when  the 
damping  was  low  enough  for  the  predicted  wind  speed  ranges  for  vortex-induced  and 
galloping  vibrations  to  be  relatively  close,  the  vibration  behaviour  changed. 

Vibrations  began  at  a  reference  wind  speed  (measured  at  the-  top  of  the 
tower)  corresponding  closely  to  vortex  resonance,  and  tower  tip  anplitude 
Increased  nearly  linearly  with  wind  speed,  approaching  the  galloping  asymptote  at 
high  values.  Thus,  large-amplitude  vibrations  were  observed  in  a  range  of  wind 
speeds  over  which  no  vibrations  should  have  occurred  according  to  the  theories 
for  galloping  and  vortex-induced  vibrations,  considered  separately.  Moreover, 
these  same  conditions  could  occur,  using  reasonable  values  of  system  parameters, 
for  full-scale  towers,  thereby  creating  a  vibration  hazard  not  anticipated  by 
design  engineers. 

In  a  subsequent  investigation  by  Wawzonek  [5]  cylinders  of  square  section 
were  tested  in  smooth  flow  under  two-dimensional  conditions  with  elastic  and 
damping  parameters  adjusted  so  that  UQ  could  be  varied  from  below  to  well  above 
U  ,  and  observations  of  Y  vs  U  confirmed  the  existence  of  strong  interaction 
effects,  similar  to  those  observed  for  the  cower  models,  for  sufficiently  low 
values  of  the  ratio  UQ/Ur.  There  were,  however,  puzzling  features  of  the  7  -  U 
variations,  and  It  became  clear  that  a  rational  explanation  of  die  phenomena 
required  measurements  of  the  excitation  during  vibration.  This  requirement  led 
to  the  present  experiments. 

It  has  been  less  common  to  make  measurements  of  pressure  excitation  of 
cylinders  in  flow-induced  vibration  Chan  to  infer  details  of  such  excitation  from 
fluctuating  fluid  pressure  or  force  measurements  on  cylinders  in  forced  harmonic 
vibration  In  a  uniform  flow.  This  method  has  the  advantage  that  all  character¬ 
istics  of  the  body  motion,  as  well  as  che  incident  flow,  are  controlled,  so  that 
the  only  unknowns  to  be  measured  or  observed  are  properties  of  the  surface 
pressure  fluctuations  and  of  the  wake.  Equivalent  phenomena  for  the  flow-induced 
vib-ation  of  the  cylinder  can  then  be  inferred  from  data  for  which  all  of  the 
relevant  parameters  correspond  in  the  two  situations.,  Studies  of  this  type  have 
been  carried  out  for  the  circular  cylinder  by  Bishop  and  llassan  [6],  Bearraan  and 
Currie  (7),  and  Staubli  [8),  among  others,  and  for  the  squarc-rsection  cylinder  by 
Otsuki  et  al  [9],  Nakamura  and  Mizota  (10),  and  Beaman  and  Obasaju  (11),  with  a 
recent  extension  by  Obasaju  [12] . 

However,  the  present  wind  tunnel  experiments  were  performed  on  an  elastic- 
ally  mounted  square-section  cylinder  in  wind-induced  vibration,  partly  because  of 
the  experience  with  and  the  availability  of  equipment  for  tills  kind  of  test  in 
the  laboratory  of  the  department  of  mechanical  engineering  of  the  University  of 
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British  Columbia  (U.B.C.)*  and  partly  because  of  a  belief  in  the  usefulness  of 
directly  observing  the  phenomena  of  the  wind-induced  vibrations.  The  experi¬ 
mental  arrangements  are  described  in  the  next  section. 

2 .  EXPERIMENTAL  ARRANGEMENTS 

For  the  experiments,  the  instantaneous  locai  cross  stream  force  was  to  be 
measured  from  a  two  dimensional  square  section  model  free  to  oscillate  in  a  pure 
plunging  motion  across  the  uniform  air  stream  inside  a  wind  tunnel.  For  this 
purpose  a  heavy  rigid  free-standing  frame  was  constructed  to  fit  around  the  out¬ 
side  of  the  U.B.C.  aeronautical  wind  tunnel.  This  tunnel,  which  has  a  test  sec¬ 
tion  size  0.69  m  high,  0.91  m  wide  and  2.44  m  long,  is  of  closed  circuit  type  and 
has  a  relative  turbulence  level  of  less  than  0.05%.  Light  aluminum  guide  tubes 
sliding  through  low  friction  air  bearings  on  the  frame,  were  rigidly  connected  to 
the  vertical  model  by  slender  fingers  which  passed  through  slits  in-  the  tunnel 
walls  as  shown  in  Fig.  1.  Four  identical  helical  coil  springs  stretched  from 
the  frame  to  the  guide  tubes  provided  elastic  support  for  the  system  so  that  the 
model  and  guide  tubes  could  oscillate  in  the  cross  stream  direction  as  required. 
This  general  arrangement  is  very  similar  to  that  used  earlier  at  U.B.C.  by  Smith 
(1],  Feng  (2J  and  others.  In  fact  preliminary  experiments  in  these  tests  used 
the  frame  and  air  bearings  designed  by  Smith,  but  all  measurements  reported  here 
were  made  using  a  new  frame  which  was  considerably  more  rigid  than  the  earlier 
version. 

Displacement  of.  the  model  was  measured  using  a  linear  displacement  trans¬ 
ducer  (Schaevlts  Model  3000  H.R.)  with  suitable  circuitry  added.  The  resulting 
output  voltage  was  linear  with  displacement  within  ±1.5%  over  a  range  of  ±63  ran, 
and  was  independent  of  velocity  for  the  frequency  range  used  in  the  tests  (less 
than  6  Hz),  within  the  same  accuracy  of  measurement. 

Damping  of  the  model  could  be  increased  using  eddy  current  dissipation, 
provided  by  surrounding  the  moving  aluminum  guide  tubes  by  steady  magnetic 
fields.  The  minimum  system  damping,  with  no  magnetic  field  applied,  was 
B  “  0.0009  (±0.00015),  and  this  could  be  increased  to  over  0.006  using  the 
electromagnetic  dampers.  The  level  of  damping  was  measured  by  observing,  with 
wind  off,  the  decay  of  free  oscillations  following  an  initial  displacement.  (The 
still-air  aerodynamic  damping  was  found  to  be  negligibly  small  in  a  test  in  which 
a  streamlined  bar  of  the  same  mass  replaced  the  test  cylinder).  A  slight 
variation  with  amplitude  was  found  but,  over  the  range  of  calibration  (r.m.s. 
dimensionless  displacement  Y,e<  .5),  this  was  within  the  accuracy  already  quoted 
(see  also  Table  2). 

The  effective  mass  of  the  moving  system  was  deduced  by  observing  the  natural 
frequency  of  the  model  with  an  additional  mass  ra  added  to  it.  Plotting  m  against 
2 

1/(0“  ,  where  un  is  the  corresponding  circular  natural  frequency  of  vibration,  the 
effective  mass  of  the  model  above  can  be  found  by  dividing  the  average  slope  of 
the  curve,  (which  is  equal  to  the  stiffness  of  the  system)  by  its  intercept  at 
m  "  0  (which  is  equal  to  the  inverse  of  the  square  of  the  natural  frequency  of 
the  model  alone).  Using  this  method,  the  total  effective  mass  of  all  the  model 
mounting  tubes,  springs  etc.  together  with  the  model  itself,  was  found  to  be 
1.21  (±.01)  kgms. 

The  model,  made  of  thin  aluminum  sheet  fastened  to  light  ribs,  was  square  in 
cross  section,  38.1  nm  on  each  side  and  686  eei  in  span.  With  the  springs  used, 
the  natural  frequency  of  the  model  and  its  connecting  mounts  was  fn  =  5.60 
(±.025)Hz.  Seventeen  pressure  taps  were  located  at  the  raid  span  of  the  model, 
eight  equally  spaced  on  each  side  to  measure  the  instantaneous  side  force  (as 
shown  in  Fig. 2)  and  one  at  the  centre  of  the  rear  face  to  measure  the  base  pres¬ 
sure.  Each  set  of  eight  taps  was  connected  through  suitable  light  plastic  tubing 
inside  the  model  to  a  symmetrical  pressure  manifold  fastened  to  one  guide  tube 
outside  the  tunnel.  This  manifold,  which  followed  the  design  of  Surry  and 
Stathopoulos  [13]  provides  a  single  output  pressure  whose  magnitude  is  the 
average  of  the  eight  input  pressures,  under  static  conditions.  For  time-varying 
input  pressures,  the  tubing  lengths  and  manifold  dimensions  alter  the  output 
pressure  so  that  it  deviates  from  the  required  average  in  both  magnitude  and 
phase.  Suitable  calibrations  of  the  manifold  and  its  tubing,  made  with  input 
pressures  varying  at  a  single  adjustable  frequency,  resulted  in  the  curves  shown 
in  Figs.  3(a)  and  (b)  for  amplitude  and  phase  respectively.  At  the  model 
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natural  frequency  of  5.6  Hz,  the  output  pressure  is  expected  to  exceed  the 
correct  average  by  2  to  3  percent,  while  its  phase  would  lag  the  correct  average 
by  about  4°.  With  these  corrections  considered  the  RMS  output  of  the  manifold 
connected  to  one  side  of  the  model,  when  divided  by  the  free  stream  dynamic 
pressure,  would  evidently  measure  one-half  of  the  local  -r.m.s.  lateral  force 
coefficient  C'  imposed  at  the  mid  span  of  the  model,  assuming  on  grounds  of 
symmetry  that  "'forces  on  either  side  of  the  model  were  equal  and  180°  out  of 
phase.  All  pressures  from  the  model  were  measured  using  a  Setra  ±.  1  psi 
pressure  transducer. 

For  direct  measurements  of  the  mean  lateral  force  imposed  by  the  wind  on  the 
stationary  model  at  various  angles  of  incidence  a,  needed  in  the  quasi-steady 
theory  of  galloping,  the  model  was  detached  from  its  frame  and  mounted  vertically 
on  a  turntable.  The  integrated  mean  pressures  occurring  on  either  side  of  the 
model  were  then  measured,  using  the  pressure  manifolds  just  described,  and  sub¬ 
tracted  from  each  other  to  give  the  net  side  force.^  cThe  side  force  coefficient 

Cy  was  found  from  these  results  and  the  slope  Aj  °  (ja  ^  )a°0  uos  £°und  from  plots 
of  Cy  versus  a.  The  coefficient  A^  could  also  be  deduced  from  the  rate  of 

growth  of  oscillation  amplitude  of  the  model  starting  with  a  small  initial  ampli¬ 
tude.  This  indirect  method,  previously  used  by  Nakamura  (10),  involved  the 
measurement  of  total  damping  ft™-.  from  a  series  of  transient  amplitude  observa¬ 
tions.  For  growing  amplitudes,  which  were  recorded  for  the  purpose  on  a  suitable 
chart  recorder,  the  value  of  is  negative,  and  can  be  used  with  the  equation 
of  motion,  after  taking  account  of  the  structural  damping  present  with  no  wind 
effects  imposed,  to  deduce  A^. 

A  further  correction  to  the  measurements  of  fluctuating  pressure  from  the 
manifold  involved  the  oscillatory  pressure  in  the  tubing  and  manifold  arising 
from  the  model  motion  only,  that  is  with  the  input  pressure  taps  blocked.  This 
pressure  fluctuation  was  observed  to  have  a  dominant  component  -80°  out  of  phase 
with  the  body  notion.  At  each  displacement  amplitude,  this  spurious  pressure 
fluctuation  was  measured  with  pressure  raps  securely  taped  and  was  then  sub¬ 
tracted  from  subsequent  measurements  wherever  it  was  significant. 

Average  phase  angles  were  measured  between  the  body  motion  and  the  component 
of  imposed  aerodynamic  force  at  the  same  frequency  by  correlating  signals  repre¬ 
senting  these  two  quantities,  using  a  PAR  tine-delay  correlation  unit.  This  unit 
averages  over  about  2  minutes,  or  about  670  cycles  at  the  frequency  of  5.6  Hz. 
The  peak  of  the  correlation,  occurring  at  a  time  delay  (say)  and  expressed  as 
a  fraction  of  the  time  period  for  one  cycle,  is  then  the  phase  angle  (as  a  frac¬ 
tion  of  360°)  between  the  two  quantities  concerned;  Corrections  for  body  motion, 
just  described,  and  for  phase  lag  in  the  manifold,  were  included  in  the  data 
reduction,  to  provide  measured  phase  angles  accurate  to  ±10°  at  least. 

Two  pairs  of  end  plates  were  fastened  to  the  model,  as  shown  in  Fig. 2.  The 
outer  pair,  whose  purpose  was  to  cover  the  slits  in  the  wind  tunnel  walls,  were 
at  the  ends  of  the  model  and  were  identical  in  shape  to  those  used  by  Wawzonek 
(5]  .  The  second  or  inner  pair  of  end  plates  were  more  conventional  in  size  and 
shape  and  were  attached  to  produce  flow  conditions  as  nearly  two-dimensional  as 
possible.  Their  dimensions  are  sketched  in  Fig. 2.  No  explicit  tests  of  the  flow 
around  the  model  were  conducted  but  it  was  observed  that,  with  the  model  fixed,  a 
significant  increase  in  C'  occurred  when  the  inner  pair  of  end  plates  was  attach¬ 
ed.  Their  position,  76 'mm  from  each  end  in  all  tests,  was  not  critical,  no 
effective  difference  in  C'  occurring  with  the  plates  fixed  at  25  mm  from  the 
model  ends. 

Instrumentation  used  in  the  tests  included  a  true  RMS  voltmeter  with  vari¬ 
able  integration  time  and  a  Spectral  Dynamics  SD335  spectroscope  unit.  The 
latter  was  capable  of  displaying  (and  holding  in  memory)  the  spectrum  of  an 
Incoming  signal  so  that,  through  the  use  of  moveable  cursors  and  digital  read¬ 
outs,  the  frequency  and  height  of  spectral  peaks  could  be  quickly  measured. 

Two  biplanar  grids  were  used  in  the  tests  to  produce  free  stream  turbulence; 
both  had  square  mesh  arrangements  of  square  bars  with  mesh  to  bar  size  ratios  of 
4:1.  The  mesh  sizes  were  229  mm  (grid  1)  and  114  roi  (grid  2).  Placed  at 
distances  of  1.86  m  and  1.80  m  (respectively)  from  the  model  front  face,  these 
produced  longitudinal  turbulence  integral  scales  and  intensities  as  shown  in 
Table  l.  The  experimental  accuracy  of  other  reduced  resulcs  is  estimated  in 
Table  2. 
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Fig.  3  Calibration  of  manifold 
(a)  Amplitude  (b)  Phase  angle 


3.  RESULTS 

3.1  Preliminary  Results  Measured  with  Model  Fixed 

Three  results  obtained  in  the  low-turbulence  flow  with  the  model  at  rest 
were  the  mean  base  pressure  coefficient  Cp  ,  the  root  mean  square  amplitude  of 

the  lift  force  C',  and  the  Strouhal  number  !>,  all  measured  over  a  range  of  wind 
speeds  (1<T  <  Re  <3  x  1(T  equivalent  to  3  <  U  <  9). 

The  mean  base  pressure  coefficient  was  found  to  be  effectively  constant  at  a 
value  of  -1.5  (*.1).  Similarly,  the  Strouhal  number,  found  by  observing  the 
frequency  of  the  largest  peak  in  the  spectrum  of  the  oscillating  pressure  measur¬ 
ed  through  the  pressure  manifold  from  one  side  of  the  fixed  model,  was  found  to 
remain  close  to  0.133  (±  .005).  The  fluctuating  side  force,  corrected  for  the 
frequency  response  of  the  manifold,  was  found  to  be  most  sensitive  to  the  addi¬ 
tion  of  end  plates,  but,  with  the  final  configuration  used  for  all  the  tests,  was 
also  effectively  constant  at  Cy  «  1.40  (±  .07), 

3.2  Displacement  Versus  Wind  Speed 

The  experiments  whose  results  are  reported  here  were  all  carried  out  with 
the  model  described  in  Section  2  mounted  in  a  spring-mass  system  with  fn  = 
5.6  hz.  Nine  combinations  of  system  damping  B  and  turbulence  intensity  in  the 
incident  flow  were  tested.  Through  the  test  series,  there  were  minor  variations 
from  nominal  values  of  S,  due  to  the  sensitivity  of  the  configuration  to  the 
alignment  of  the  air  bearings,  and  of  the  turbulence  intensity,  due  to  Reynolds 
number  effects,  but  essentially  the  9  tests  were  for  low,  medium,  and  high  values 
of  B  and  of  turbulence  intensity.  In  each  test  the  wind  speed  was  increased  in 
small  steps  from  a  value  below  the  range  for  wind-induced  oscillations.  At  each 
wind  speed  the  model  was  released  by  supplying  air  to  the  bearings  and  any  wind- 
induced  oscillation  was  allowed  "‘co  reach  steady  state  conditions,  when  all  data 
were  recorded. 

Fig.  '4  shows  the  variation  of  dimensionless  r.m.s.  model  displacement  Y1  vs 
dimensionless  wind  speed  U  for  the  9  tests.  The  general  form  a  particular  curve 
was  likely  to  cake  was  of  course  already  known  from  the  previous  work  described 
in  Section  1,  but  the  new  mounting  frame  permitted  extension  of  the  tests  to 
higher  values  of  U  and  B,  and  gave  more  confidence  in  the  observation  and  inter¬ 
pretation  of  detailed  behaviour.  It  can  be  seen  from  Fig. 4  that  the  three 

curves  for  low  B  all  show  oscillation  commencing  at  initial  wind  speeds  U^  equal 
or  very  close  to  Uf,  which  varied  from  1.22  in  low  turbulence  to  1.27  in  high 
turbuience  due  to  small  changes  in  the  stationary-cylinder  Strouhal  number.  The 
Interesting  features  of  the  curves  of  Fig.  4,.  in  addition  to  the  values  of  U^, 

are  the  slopes  ■*  —  ~  ■  approached  asymptotically  at  high  U,  and  the  details 

of  the  shape  where  .it  departs  from  the  usual  almost  linear  trend.  For  the  three 
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Reduced 

Velocity 

GRID  1 

GRID  2 

v’/V(Z) 

Lx/h 

v’/V(%) 

Lx/h 

U  =  2 

U.5(±.3) 

1.3(±.2) 

7.0(±.2) 

1.2(±.2) 

U  *  4 

10.5(1.3) 

1.4(±.2) 

6.5( ±.2) 

1.2(±.2) 

Table  1  Turbulence  Characteristics 


Reduced 

Quantity 

Typical  Range 

Estimated 

Accura  cy 

U 

1  to  5 

±.10 

Y1 

0  to  1 

±  5%  of  reading)  whichever 
or  ±0.003  }  is  greater 

c* 

y 

1  to  1.5 

±  5% 

8 

9  x  10-4  to  6  x  10“3 

±  1.5  x  10~4 

Table  2  Experimental  Accuracy  of  Basic  Results 

low-damping  curves  che  slope  s  is  seen  to  decrease  with  increasing  turbulence 
Intensity.  This  would  be  predicted  by  the  galloping  theory  from  the  C  -  a 
curves  of  Fig.  5  for  the  stationary  model  in  the  same  Incident  flows  as  suggested 
by  Laneville  and  Parkinson  (14].  The  interesting  shape  feature  for  the  low- 
damping  curves  Is  the  consistent  kink  in  each  of  che  three  curves  near  U  =  3. 
Like  the  coincidence  of  Uj  with  Ur,  this  is  not  accounted  for  by  the  quasi-steady 
theory  of  galloping. 

The  three  high-damping  curves,  for  which  all  data  points  have  relatively 
high  values  of  U,  considerably  greater  than  Ur,  appear  to  be  in  agreement  with 
predictions  of  galloping  theory,  at  least  qualitatively.  (Aspects  of  the  quanti¬ 
tative  agreement  are  examined  in  Section  3.3).  The  initial  wind  speeds  for 
strong  vibrations  (disregarding  some  low-amplitude  buffetting,  with  V  <  .03, 
from  che  incident  turbulence)  Increased  with  increasing  turbulence  intensity, in 
agreement  with  the  behaviour  of  the  theoretical  initial  speed  UQ  as  it  varies 
with  coefficient  A^  for  che  three  levels  of  turbulence.  The  asymptotic  slopes 
s  for  the  mediura-and  high-turbulence  curves  are  close  to  those  for  the  correspon¬ 
ding  low-damping  curves,  as  they  should  be,  and  the  lower  slope  and  different 
shape  of  che  low-turbulence  curve  is  a  direct  consequence  of  the  different  shape 
of  che  Cy  -  a  curve  for  the  low-turbulence  case  in  Fig.  5,  which  leads  to  the 
prediction  of  2  stable  galloping  amplitudes  of  oscillation  over  a  range  of  wind 
speeds.  The  curve  of  Fig. 4  represents  the  variation  with  U  of  the  lower  of  these 
two  amplitudes.  The  upper  amplitudes  are  outside  the  range  of  the  test  apparatus. 

The  three  medium-damping  curves  of  Fig.  4  also  appear  to  be  in  general  qual¬ 
itative  agreement  with  predictions  of  galloping  theory,  and  the  remarks  above 
about  che  high-damping  curves  apply  again,  except  that  the  sequence  of  initial 
velocities  is  different.  This  is  examined  in  Section  3.3. 

3.3  Parameters  for  Galloping  Theory 

The  measurement  of  lateral  force  as  a  function  of  angle  of  attack  on  the 
stationary  cylinder  in  tile  same  flow  for  which  galloping  behavior..'  is  desired  is 
a  required  input  to  the  quasi-steady  theory.  Fig.  5  shows  Cy  vs  a  from  such 
measurements  on  cylinders  of  square  section.  Values  inferred  from  the  present 
measurements  of  manifold  pressure  on  a  side  are  shown  in  comparison  with  three 
different  sets  of  force  measurements,  using  different  models  and  techniques.  The 


data  for  a  given  turbulence  level  are  seen  to  be  in  quite  good  agreement, 
particularly  for  0  <  a  <  8°,  and  the  markedly  different  shape  of  the  low- 
turbulence  curve  from  the  others  is  significant  in  producing  a  different 
galloping  response,  as  mentioned  in  Section  3.1.  Also,  the  decrease  in  the 
asymptotic  slope  s  of  the  displacement-wind  speed  curves  with  increasing 
turbulence  is  a  direct  consequence  of  the  corresponding  decrease  in  the  range  of 
a  for  positive  Cy  in  Fig.  5. 

It  can  also  be  seen  from  Fig.  $  thq,t  the  slope  Ai  of  the  curves  at  a  *  0 
lies  in  a  fairly  small  range,  2.5  <  A^  <  5.5,  but  that  it  would  be  difficult  to 
make  a  precise  determination  for  a  particular  combination  of  Reynolds  number  and 
turbulence  Intensity  because  of  the  scarcity  and  limits  on  the  accuracy  of  the 
data  points.  However,  with  the  realization  that  the  error  in  a  given  value  is 
likely  to  be  at  least  ±10%,  values  of  A^  determined  by  a  polynominal  fit  to 
the  present  data  points  for  values  of  a  <  4“  are  given  in  the  first  column  of 
Table  3. 

The  alternative  dynamic  method  of  determining  A^  mentioned  in  Section  2 
provides  a  useful  comparison.  In  the  galloping  -theory,  the  transient  build-up  of 
oscillation  from  rest  can  be  approximated  as  a  linear  process  for  small 
amplitudes,  so  that  the  transient  amplitudes  are  proportional  to  e  pT0Tunt, 
where 


t  ^  \ 

8Tot  “  ®  )  U  * 

If  U  >  U  ,  Bjof  is  negative  and  can  be  measured  from  a  chart  record  of  cylinder 
displacement  vs  time.  If  this  is  done  for  several  values  of  U  in  the  same 
conditions  of  turbulence,,  values  of  (8  -  Bjoj)  vs  U  should  plot  oh  a  straight 

line,  assuming  Reynolds  number  effects  are  negligible,  and  the  slope  — can 
then  be  used  to  determine  A^  .  Fig.  6  shows  such  a  plot  for  each  of  the  three 
turbulence  conditions,  with  data  points  for  2  or  3  values  of  B  used  to  determine 
each  line.  The  scatter  is  seen  to  be  reasonably  small,  and  the  only  organized 
departure  from  the  linear  variation  Is  with  the  data  points  for  U  <  2.5,  where 
the  proximity  to  Ur  apparently  leads  to  increased  excitation  from  the 
synchronized  wake  vortex  system,  and  thus  to  higher  values  of  the  coefficient 
corresponding  Co  .  Values  of  A|  from  the  straight  lines  of  Fig.  6  are 
given  in  the  second  column  of  Table  3. 

The  two  values  of  Aj  for  each  turbulence  condition  in  Table  3  are  in 
reasonably  good  agreement,  with  ±11%  deviation  from  the  mean  for  low  turbulence, 
±1%  for  medium,  and  ±8%  for  high  turbulence.  Therefore,  the  ntean  values  have 
been  used  to  calculate  the  theoretical  initial  velocity  UQ  ■  for  each  of 
the  9  test  combinations  of  :  and  turbulence.  These  are  compared  in  Table  3  with 
the  observed  initial  values  U^.  The  agreement  is  good  for  the  3  high- B- cases , 
the  ones  to  which  the  quasi-steady  theory  is  most  applicable,  with  U0  ranging 
from  4%  high  for  the  low-turbulence  case  to  13%  low  for  the  medium-turbulence 
case,  and  an  overall  average  of  4.4%  low.  For  the  3  low-damping  curves  any 
agreement  is  fortuitous,  since  =  U  in  all  cases.  Finally,  for  the  3  medium- 
damping  cases,  the  agreement  is  good  for  the  low-turbulence  case, but  there  is 
poor  agreement  for  the  other  2  cases,  and  it  appears  that  U,  is  close  enough  to 
Ur  for  significant  effects  of  the  vortex  excitation  on  the  galloping  behaviour. 

3.4  Fluctuating  Pressure  Characteristics 

Using  Che  calibrated  manifold,  described  in  Section  2,  it  is  possible  to 
observe  the  Instantaneous  side  force  on  the  moving  model.  The  contribution  from 
various  frequencies,  and  In  particular  from  frequencies  close  to  the  body  motion 
(or  its  higher  harmonics)  can  be  estimated  by  noting  the  height  of  appropriate 
spectral  peaks  and  the  total  signal  strength  from  all  frequencies.  In  each  test, 
these  quantities  were  available  from  the  spectroscope,  each  measured  as  an  RMS 
quantity.  The  band  width  for  the  spectral  measurements  was  .06  Hz  (3  db  down)  on 
the  0-20  Hz  range,  and  the  measurement  sensitivity  for  frequencies  was  .04  Hz 
because  of  the  discrete  steps  used  in  the  instrument.  Only  the  maximum  value  of 
each  spectral  peak  was  measured,  and  not  the  integration  under  the  peak  as  would 
be  strictly  necessary  to  obtain  precise  values.  The  results  are  therefore  esti¬ 
mates  of  the  relative  importance  of  each  harmonic,  and  their  approximate 
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relationship  to  the  spectrally  complete  value  of  C'.  Where  broad  peaks  in  the 
spectrum  occurred,  no  measurements  of  the  harmonics  were  made. 

In  cases  in  which  body  motion  was  significant,  the  fluctuating  side  force 
had  observable  components  near  the  body  frequency.  The  exact  frequency  at  which 
the  spectral  peak  occurred  was.  not  usually  the  wind-off  body  frequency  fn 
(which  was  measured  before  each  test  and  was  effectively  constant)  but  was  found 
to  vary  from  fn  to  as  much  as  4%  lower.  Phase  angles'  could  still  be  estimated 
under  these  circumstances  using  the  correlation  method  described  ir.  Section  2. 
The  component  of  the  force  coefficient  associated  with  frequencies,  near  that  of 
the  body  motion  is  designated  as  CLp  with  subsequent  harmonics  as  C^i  etc. 


Turbulence 

Intensity 

A1 

s 

Cy  vs  a 

vs  U 

Low 

Medium 

High 

-  .  - 

V°i 

.75/1.22 

2.57/2.51 

4.72/4.5 

Low 

5.4 

4.3 

Be/B 

2.31 

1.13 

1.24 

S 

.128 

.128 

Vui 

1.11/1.27 

3.16/2.09 

5.79/6.7 

Medium 

3.9 

4.0 

8e/B 

1.76 

1.20 

1.22 

S 

.140 

.132 

.128 

V»i 

1.16/1.27 

3.96/2.5 

7.26/7.6 

High 

3.4 

2.9 

Be/B 

1.53 

1.32 

1.22 

S 

.139 

.131 

.127 

Table  3  Derived  Results 


Measured  values  of  C'p  C'2,  etc.  are  plotted  in  Fig.  7  for  the  low  damping, 
low  turbulence  case.  This  figure  shows  that  much  of  the  side  force  exerted  on 

O  O 

the  body  occurs  at  (or  very  close  to)  the  body  frequency  for  2  <  U  <  5,  a  range 
of  wind  speeds  for  which  significant  motion  of  the  body  was  observed.  Near  U  ■= 
3,  where  the  kink  occurs  in  the  amplitude  vs  wind  speed  plots  of  Fig.  4  for  this 
case,  C'j  rises  sharply,  indicating  the  presence  of  strong  force  components  at 
about  three  times  the  body  frequency.  Ac  the  upper  limits  of  the  amplitude  range 
for  the  apparatus  (Y‘  =1),  occurring  for  low  damping  and  low  turbulence  at  U  <= 
5,  Cyj  rises  sharply  showing  now  the  presence  of  the  fifth  harmonic  of  body 
motion  in  the  force.  The  even  harmonics,  and  remain  low  throughout. 

It  appears  from  this  figure  that  progressive  "lock  in"  at  odd  harmonics  of  the 
body  motion  occurs  sequentially  as  the  velocity  increases,  the  force  of  the 
fundamental  remaining  significant  but  decreasing  slightly. 

The  phase  angle  between  the  body  motion  and  the  force  at  the  fundamental 
frequency  is  plotted  for  the  three  low  turbulence  cases  in  Fig.  8.  The  measured 
phase  angle  Increases  progressively  as  U  increases,  although  considerable  scatter 
is  evident.  This  angle  is  taken  as  90°  in  the  quasi-steady  theory  in  which 
Cy(t)  is  assumed  to  be  in  phase  with  dy/dt  at  every  velocity,  so  that  the 
present  measurements  show  a  progressive  approach  to  the  quasi-steady  conditions. 
For  the  low  damping,  low  turbulence  case,  phase  angles  are  still  far  from  the 
quasi-steady  value  even  at  the  highest  velocity  (U  =  5)  however. 
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Similar  decompositions  of  the  force,  and  measurements  of  phase  angle  were 
made  for  all  other  test  conditions.  Phase  angles  for  the  highest  damping,  low 
turbulence  case  were  closer  to  90°,  as  shown  in  Fig.  8,  but  still  not  equal  to 
90°  as  expected  from  previously  described  agreement  with  the  quasi-steady  gallop¬ 
ing  theory  for  this  case  (Section  3.3,  and  appropriate  entry  in  Table  3).  The 
accuracy  of  measurement  of  phase  angle  is  not  very  good,  however,  (±10°),  which 
makes  close  comparisons  impossible.  The  values  of  C'^  for  the  highest  damping 
cases  were  much  lower  than  the  total  C'  (about  in  the  ratio  1:9)  and  no  evidence 
of  significant  higher  harmonics  was  observed.  This  is  in  agreement  with  quasi- 
steady  theory. 

When  the  two  levels  of  turbulence  were  added  to  the  low  damping  case,  pat¬ 
terns  similar  to  the  cases  without  turbulence  of  Figs.  7  and  8  were  again  formed, 
although  not  as  clearly.  In  these  cases,  a  rise  of  the  third  harmonic  was  again 
observed  around  U  ■  3  where  the  amplitude  curve  of  Fig.  4  shows  a  kink,  and  rela¬ 
tive  phase  angles  between  13°  and  50°  were  measured.  For  the  three  cases  with 
medium  damping  the  values  of  C'^  were  again  small  in  comparison  with  overall  C' 
and  phase  angles  were  intermediate  between  the  values  for  low  and  high  damping 
cases.  Low-amplitude  harmonics  were  observed  for  all  but  the  high-turbulence 
case,  where  none  could  be  detected.. 


> 
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3.5  Effective  Damping  and  Strouhal  Number 

If  the  reasonable  assumption  is  made  that  the  displacement  of  the  oscil¬ 
lating  cylinder  is  caused  by  that  part  of  the  fluctuating  pressure  force 
synchronized  with  the  body  motion,  and  leading  the  displacement  by  phase  angle  <f>, 
then  in  steady-state  oscillation  the  dissipative  force  of  the  system  damping  is 
balanced  by  the  sin$  component  of  the  exciting  force.  All  quantities  entering 
into  this  force  balance  were  measured  in  the  experiments,  including  the  system 
damping  parameter  B,and  it  is  useful  to  solve  the  balance  equation  for  an  effect¬ 
ive  damping  parameter  and  compare  it  with  the  nominal  measured  value.  This 
was  done  for  all  data  points  for  which  Y'  >  .1  and  C',  and  ♦  could  be  measured, 
and  Table  3  shows  mean  values  of  Be/3  for  each  ofythe  9  tests.  Scatter  of 
individual  data  points  in  a  given  test  averaged  ±192,  but  the  mean  results  show 
an  interesting  trend.  For  all  tests  Bg/3  >  1,  and  for  the  high  and  medium 
damping  cases  the  value  is  nearly  constant,  averaging  1.22  ±  .09.  For  the  low 
damping  cases  the  values  were  ruch  higher  and  increased  with  decreasing 
turbulence  Intensity.  These  results  are  discussed  in  the  next  section. 

Finally,  in  all  but  the  first  test  run  (low  damping,  low  turbulence)  a 
search  was  made  for  spectral  peaks  other  than  at  the  body  frequency  and  its 
harmonics,  and  in  all  cases  such  a  peak  was  found  corresponding  to  the  Strouhal 
frequency  for  the  stationary  cylinder.  The  corresponding  Strouhal  number  was 
remarkably  constant,  considering  that  it  was  measured  during  oscillations  with 
amplitudes  as  large  as  Y'  »  0.9.  Mean  values  for  each  test  are  given  in  Table  3. 
For  high  damping  cases  the  excitation  at  the  Strouhal  frequency  was  much  stronger 
than  at  the  body  frequency,  and  S  from  individual  data  points  was  constant  within 
32.  For  medium  damping  cases  the  Strouhal  and  body-frequency  excitations  were  of 
the  same  order,  and  S  was  constant  within  42.  For  low  damping  cases  the  Strouhal 
excitation  was  weaker  than  that  at  the  body  frequency,  and  S  was  constant  within 
72.  The  overall  mean  value  was  S  »  .132,  very  close  to  the  value  of  .133  meas¬ 
ured  for  the  same  cylinder  at  rest  in  the  same  Reynolds  number  range  in  low- 
turbulence  flow. 

4.  DISCUSSION 

4  .1  Results  that  Can  Be  Explained  by  Existing  Theory 

The  observed  and  calculated  results  for  the  3  cases  of  high  system  damping 
are  all  in  good  agreement  with  predictions  of  the  quasi-steady  theory  of  gallop¬ 
ing.  These  Include  the  values  of  U^,  all  close  to  U  ,  and  the  variation  of  Y’ 
with  U  in  Figure  4,  the  fact  that  C^  values  were  small  and  $  close  to  90°,  and 

the  fact  that  values  of  measured  dynamically  were  in  good  agreement  with  the 
corresponding  static  values.  Therefore,  since  U.  >  3.7  Ur  in  these  tests,  it 
seems  safe  to  conclude  that  phenomena  of  wind-induced  oscillation  of  cylinders  of 
square  section  can  be  predicted  by  the  quasi-steady  theory  of  galloping  for 
U  >  U  >  4Ur  =  5. 

Some  of  the  results  for  the  3  medium-damping  cases  are  also  in  at  least 
qualitative  agreement  with  predictions  of  the  theory.  The  shape  of  the  Y'  -  U 
curves  shows  the  predicted  dependence  on  Che  C  -a  curves  of  Figure  5,  and  the 
values  of  U.  lie  between  Ur  and  the  high-damping  values,  1.6  U  <  U^  <  2.1  Ur, 
as  they  should.  values  remain  small  and  for  higher  values  or  U  phase  angles 

$  again  approach  90°  and  dynamic  values  of  are  in  good  agreement  with  static 
values.  However,  the  general  quantitative  agreement  is  poor. 

For  the  3  low-damping  cases  it  is  understandable  that  if  no  oscillation  has 
occurred  for  U  <  Ur  (forced  oscillation  tests  (9,  10,  11,  12)  indicate  the  reason 
to  be  that  ^  is  negative),  oscillation  would  commence  at  or  near  Ur  because  of 
resonance  with  the  wake  vortex  system.  It  is  also  to  be  expected  that  the  Y'-U 
curves  at  high  values  of  U  would  approach  the  asymptotic  slopes  predicted  by  the 
quasi-steady  theory.  Otherwise  the  results  do  not  conform  to  predictions  of 
either  galloping  or  vortex-induced  flow  models. 

4.2  Results  that  Require  Additional  Explanation 

Transverse  flow-induced  oscillations  of  long  bodies  of  bluff  section  are  a 
consequence  of  the  behaviour  of  the  shear  layers  that  separate  from  the  body, 
including  the  formation  of  wake  vortices  and  interaction  with  the  section  after¬ 
body.  The  vortex  formation  process  is  of  particular  interest.  The  stationary 


square-section  cylinder  at  o  ■  0  creates  a  Karman  wake  vortex  street  with  S  ** 
.13.  Remarkably,  when  the  same  cylinder  is  in  large-amplitude  flow-induced  osci¬ 
llation  with  instantaneous  relative  values  of  a  reaching  ±15°  (greater  than  a  for 
reattachment  of  a  shear  layer  on  the  stationary  cylinder),  the  same  Strouhal 
number  is  detected  from  the  surface  pressure  signal,  as  shown  in  Section  3.5.  On 
the  other  hand,  any  transversely  oscillating  body  in  a  flow  will  shed  vortices  at 
the  oscillation  frequency,  thus  creating  a  second  organized  wake  vortex  system, 
whose  flow  fluid  will  exert  a  pressure  loading  on  the  body  synchronized  but  out 
of  phase  with  the  body  motion.  These  two  wake  vortex  systems  apparently  coexist 
in  the  present  experiments  through  the  entire  range  of  conditions  tested,  but 
with  a  progressive  change  in  their  relative  strengths.  When  U  »  U  ,  the 
Strouhal  signal  is  much  stronger  than  the  body-frequency  signal,  for  which  $  is 
near  90°,  while  when  U  is  close  to  Ur,  the  reverse  is  true  for  the  signal 
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Kig.7  Force  coefficients  and  harmonic  components. 


strengths,,  and  $  is  small.  Thus  the  term  'lock-in'  usually  applied  to  vortex 
frequency  when  U  Is  near  Uj  here  corresponds  merely  to  a  strong  magnification  of 
the  body-frequency  signal  at  the  expense  of  the  Strouhal  signal. 

The  most  interesting  phenomenon  of  the  experiments  was  the  occurrence  in  the 
three  low  damping  tests  of  a  strong  signal  C'j  at  three  times  the  body  frequency, 
and  the  corresponding  kink  in  each  of  the  "three  Y'-U  curves.  Over  the  range 
2 Z.  U  l  4  in  which  the  kink  occurred  C'j^  was  strong,  decreasing  slightly  with 
increasing  U,  C'^  reached  a  sharp  peak  near  3Ur  and  of  the  same  order  as  C'. ,  and 
the  Strouhal  signal  was  also  present,  although  relatively  weaker.  Thus  again  the 
phenomenon  does  not  appear  to  involve  lock-in  in  the  sense  of  a  single  vortex 
shedding  frequency  synchronized  at  three  times  the  body  frequency.  Rather,  the 
evidence  indicates  that  C'j_  and  C'j  are  the  fundamental  and  third  harmonic  of  a 
periodic  but  non-sinusoidal  signal  which  co-exists  with  the  regular  Strouhal 
signal.  This  is  probably  the  result  of  a  complex  vortex  formation  process, 
perhaps  influenced  by  the  periodic  proximity  of  the  separated  shear  layers  to  the 
corners  of  the  square  section  afterbody  during  the  oscillation  cycle.  Work  is  in 
progress  in  an  attempt  to  employ  the  above  form  of  excitation  in  a  mathematical 
oscillator  model  to  explain  the  kink  in  the  Y'-U  curves. 

The  first  author  and  his  students,  in  References  11  and  12  and  in  recent 
unpublished  work,  have  discussed  forced-oscillation  experiments  on  square-section 
cylinders  which  have  produced  results  generally  consistent  with  those  of  the 
present  paper.  These  forced-oscillation  results  done  only  in  low-turbulence  flow 
suggest  the  existence  of  three  zones  in  the  Y'-U  plane,  a  quasi-steady  zone  which 
would  contain  the  present  high-damping  results,  a  multiple  harmonic  zone,  in 
which  strong  progressively  higher  odd  harmonics  would  appear  in  the  C'  signal  as 
Y'  and  U  increase,  and  which  would  contain  the  present  low-damping  results,  and 
an  intermediate  transition  zone  which  would  contain  the  present  medium-damping 
results,  except  at  low  amplitude,  since  the  two  zone  boundaries  converge  on  Ur  at 
Y'  »  0.  According  to  this  suggested  zone  modal  the  present  medium-damping 
results  for  small  Y'  should  be  predictable  from  quasi-steady  theory,  and  it  is 
interesting  to  note  from  Table  3  that  the  theory  did  give  a  good  prediction  of 
UQin  low-turbulence  flow  (on  which  the  zone  model  is  based). 

Finally,  the  results  in  Table  3  demonstrate  that  $e  during  wind-induced 
oscillation  is  consistently  higher  than  the  nominal  3  measured  in  wind-off  ampli¬ 
tude  decay  tests,  despite  the  effort  expended  in  providing  a  rigid  external 
mounting  frame  for  the  cylinder  and  its  elastic  and  damping  system,  isolated  from 
the  wind  tunnel  structure.  Work  is  in  progress  to  attempt  to  identify  the 
sources  of  the  increase  in  system  damping  so  that  a  more  correct  damping  term  can 
be  incorporated  in  the  quasi-steady  theory. 
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ABSTRACT 

This  paper  indicates,  experimentally,  the  influence  chat  air  bubbles 
have  in  drastically  reducing  vortex-induced  vibration  and  in  exciting 
vibration  of  a  single  circular  cylinder,  and  discusses  the  mechanisms 
involved.  This  air-bubble  effect  occurs  in  both  in-line  and  cross-flow 
vibrations.  Vibration  reduction,  which  occurs  at  low  void  fractions,  is 
especially  marked  under  conditions  of  resonance  between  cylinder  oscilla¬ 
tion  and  vortex  shedding.  The  cylinder  is,  however,  strongly  excited  at 
higher  void  fractions  in  a  two-phase  flow. 

Experimental  results  concerning  Karman  vortex  shedding,  unsteady  lift 
and  drag  forces  acting  on  a  stationary  circular  cylinder,  and  two-phase 
flow  characteristics  around  the  cylinder,  all  indicate  an  idea  that  the 
mechanism  reducing  vibrations  is  air  bubbles  detuning  the  synchronization 
of  vortex  shedding  with  cylinder  oscillation,  because  fluid  forces  due  to 
the  two-phase  flow  are  rather  random.  The  excitation  mechanism  is  consid¬ 
ered  to  be  due  to  buffeting  produced  by  air-bubble  motion  in  the  flow, 
which  is  very  strong  and  random  for  high  void  fractions. 

1 .  INTRODUCTION 

Vortex  shedding  is  one  of  well-known  causes  of  violent  oscillation  in 
a  cylinder  immersed  in  a  single-phase  cross  flow,  and  many  papers  have  al¬ 
ready  been  published  on  this  problem,  Sarpkaya[l]  selectively  reviewed 
vortex-induced  oscillations,  and  Durgin[2]  reported  low-mode  response  of 
circular  cylinders  in  cross  flow,  which  occurred  when  the  natural  freqency 
was  approximately  one-third  the  normal  vortex  shedding  frequency.  Botel- 
ho{3]  and  Staubli[4]  individually  studied  calculation  models  for  vortex- 
induced  vibrations  of  an  elastically  mounted  cylinder.  The  foregoing  stud¬ 
ies  were  confined  to  single-phase  gas  or  liquid  flows. 

Many  situations  exist  in  our  technological  field,  however,  where  two- 
phase  gas-liquid  flow  ploys  an  inevitable  but  often  troublesome  role  in 
the  operation  of  facilities  such  as  steam  generators,  condensers,  and  civil 
engineering  structures,  such  as  pilings,  submerged  in  a  wave  flow  contain¬ 
ing  bubbles.  Vibrations  induced  by  a  two-phase  flow  aggravate  troubles  in 
such  facilities. 

Among  the  very  few  researches  done  in  this  area  are  the  works  by 
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Pettigrew  and  Gorman[5],  Heilker  and  Vincent[6],  and  Every  et  al. [7].  Two- 
phase  air-water  or  steam-water  flow-induced  vibrations  present  a  new  side 
of  on-site  flow-induced  vibration  problems,  and  increasing  attention  is 
being  paid  to  safety  in  operating  affected  facilities.  Most  experiments 
were  done  with  the  aim  of  obtaining  information  of  immediate  usefulness  in 
preventing  the  problem  in  specific  designs,  and  little  understanding  was 
reached  about  two-phase  flow-induced  vibrations  in  highly  complicated  vib¬ 
ration  systems  such  as  tube  banks  for  steam  generators  or  heat  exchangers. 

In  the  most  simple,  therefore  fundamental,  vibration  study  on  two- 
phase  cross  flow-induced  vibrations,  Kara  and  his  colleagues  did  a  series 
of  experiments  involving  two-phase  flow:  (1)  pressure  fluctuations  on  a 
stationary  circular  cylinder  immersed  perpendicular  to  the  flow,  (2) 
unsteady  lift  and  drag  force  characteristics  of  a  two-phase  flow,  (3)  in¬ 
line  vibration  of  a  circular  cylinder,  and  (4)  cross-flow  vibration  of  a 
circular  cylinder. 

llara  and  0htani[8]  investigated  experimentally  two-phase  flow  vortex 
shedding  and  pressure  fluctuations  using  a  60  mm  circular  cylinder,  30  mm 
in  diameter,  installed  rigidly  and  perpendicular  to  the  flow  at  the  center 
of  a  200  mm  x  60  mm  rectangular  test  channel  in  which  the  flow  was, verti¬ 
cally  upward.  The  maximum  flow  velocity  was  0.6  m/s,  corresponding  to  a 
Reynolds  number  of  1.8  x  10'*',  based  on  the  cylinder  diameter.  Black  ink 
was  injected  from  two  small  holes,  90  degrees  from  the  stagnation  point  in 
the  cylinder's  midsection,  into  the  two-phase  bubble  flow.  Air  bubbles  in 
the  flow  had  an  average  diameter  of  6.6  mm.  The  oscillatory  motion  of 
black  ink  trails  following  the  cylinder  was  detected  by  a  CdS  photodiode, 
enabling  the  measurement  of  vortex  shedding  frequency. 

The  dominant  wave-motion  frequency  of  the  wake — defined  as  the  peak 
frequency  in  the  PSD  of  signals  from  the  CdS  photodiode — was  slightly 
larger  than  that  estimated  from  the  Strouhal  number,  0.2,  but  seemed  to  be 
associated  with  Karman  vortex  shedding  just  the  same.  Wake  oscillation 
demonstrated  a  clear-cut  dominant  frequency  when  the  void  fraction  was  less 
than  7%.  The  peak  PSD  frequency  of  differential  pressure  fluctuation 
between  two  points  across  the  cylinder's  horizontal  center  line  indicated 
a  good  agreement  between  the  dominant  frequencies  of  wake  motion  and 
pressure  fluctuation  for  single-phase  water  flow  and  two-phase  flow  with 
a  low  void  fraction  under  almost  10%.  The  pressure  fluctuation,  however, 
was  very  random  and  large  when  the  void  fraction  was  high. 

The  RMS  values  for  differential  pressure  fluctuation,  referred  to 
above,  indicated  two  trends:  one  being  a  rather  weak  pressure-fluctuation 
dependence  on  void  fraction,  and  the  other  being  a  stronger  dependence  on 
void  fraction  at  higher  ’void  fractions.  The  intersection  of  the  two  trends 
was  a  critical  void  fraction,  about  10% ,  for  transition  from  vortex  shed¬ 
ding  to  nonvortex  shedding  in  a  two-phase  bubble  flow. 

Hara[9,  10]  examined  the  characteristics  of  unsteady  lift  and  drag 
forces  acting  on  a  circular  cylinder  in  a  two-phase  cross  flow,  employing 
the  same  size  cylinder  as  above,,  but  one  flexibly  mounted  with  cross- 
configured  flat  springs,  each  of  which  detected  a  lift  or  drag  force 
component.  The  natural  frequency  of  the  cylinder-spring  system  was  about 
100  Hz  in  each  direction — sufficiently  large  compared  to  the  dominant 
frequency  of  two-phase  flow-induced  unsteady  forces.  He  showed  the  RMS  of 
fluctuating  lift  and  drag  forces  against  void  fraction,  depicting  two 
trends:  one  being  a  weak  dependence  of  flow-induced  forces  on  void  fraction 
at  low  void  fractions,  and  the  other  a  stronger  dependence  at  higher  void 
fractions  the  same  as  for  RMS  pressure  fluctuation.  A  precise  comparison 
of  lift  and  drag  forces  indicated  that  unsteady  lift  was  greater  than  drag 
for  lower  void  fractions,  while  both  became  comparable  for  higher  void 
fractions. 

Due  to  vortex  shedding,  the  two-phase  flow-induced  lift  force  was 
still  rather  nariow-banded  for  lower  void  fractions.  However,  it  contained 
more  higher-frequency  components  at  high  void  fractions.  The  unsteady  drag 
was  less  periodic  even  in  low  void  fractions. 

Recently,  Hara  and  Ogawa(ll)  reported  two-phase  flow-induced  in-line 
vibrations  in  a  circular  cylinder,  revealing  the  significant  influence  of 
air  bubbles  on  vibration:  when  the  cylinder  oscillated  with  a  large  ampli- 
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tude  due  to  synchronization  of  vortex  shedding  with  the  oscillation  in 
a  water  flow,  the  introduction  of  small  amount  of  air  bubbles — about  5%  in 
void  fraction — drastically  reduced  vibrations.  In  contrast,  in-line  vibra¬ 
tion  became  markedly  large  and  random  for  higher  void  fractions. 

Ogawa  and  Hara[12]  encountered  interesting  experimental  results 
concerning  the  cross-flow  vibration  of  a  circular  cylinder  immersed  perpen¬ 
dicular  to  a  two-phase  bubble  flow.  Cross-flow  vibration  was  also  drasti¬ 
cally  reduced  by  the  injection  of  air  bubbles  in  amount  less  than  10%  in 
void  fraction  when  cylinder  oscillation  was  synchronized  with  vortex  shed¬ 
ding.  In  contrast,  vibration  was  strongly  excited  for  flow  velocities 
where  there  was  no  synchronization. 

Hara  and  Ogawa  did  not  sufficiently  explore  the  mechanisms  of  vibra¬ 
tion  reduction  and  excitation  due  to  the  injection  of  air  bubbles  in  the 
flow  in  their  papersfll,  12].  Thus  this  paper  is  the  first  to  briefly  des¬ 
cribe  experimental  results  of  in-line  and  cross-flow  vibrations  of  a  single 
circular  cylinder  immersed  in  a  two-phase  air-water  bubble  flow,  which  was 
vertically  upward,  and  shows  air-bubble  effects  on  the  vibrations.  We 
then  discuss  in  detail  the  mechanisms  of  vibration  reduction  and  excitation 
generated  by  injecting  air  bubbles  in  a  water  flow  surrounding  a  flexibly 
mounted  single  cylinder.  In  the  discussion,  we  take  into  account  avaiable 
experimental  results[8,  9,  10]  such  as  flow  visualization,  two-phase  flow 
characteristics  with  respect  to  flow  pattern  around  a  stationary  circular 
cylinder,  magnitude  and  frequency  characteristics  of  pressure  fluctuation 
on  the  cylinder  surface,  and  two-phase  flow  unsteady  lift  and  drag  force 
characteristics.  From  the  discussions,  an  idea  for  vibration  reduction 
mechanism  is  proposed  for  in-line  and  cross-flow  vibrations,  as  well  as  for 
the  vibration  excitation  mechanism  for  nonresonant  conditions  and  for 
higher  void  fractions. 

2.  TWO-PHASE  CROSS-FLOW  INDUCED  VIBRATIONS 
2.1  In-line  Vibration 


A  58  mm  vibration-test  cylinder,  30  mm  in  diameter,  was  horizontally 
installed,  as  shown  in  Fig.  1  (a),  with  a  wire  spring,  in  a  200  mm  x 
60  mm  rectangular  test  section  where  the  flow  was  vertically  upward.  The 


Fig.  I  A  circular  test  cylinder  for  two-phase  cross-flow 
induced  vibrations,  (a)  in-line  vibration,  and  (b) 
cross-flow  vibration 


ratio  of  channel  area  to  cylinder  area  was  200/30  for  the  test  section, 
which  produced  a  rather  small  blockage  effectfl3,  14]  on  vortex  shedding 
from  a  rigidly  fixed  circular  cylinder  of  the  same  diameter  as  the  tested 
cylinder,  i.e.,  the  Strouhal  number  was  0.22  to  0.19  in  a  range  of  Re  =-  0.9 
to  1.8  x  10^.  The  aspect  ratio  of  the  test  cylinder  was  almost  2,  which 
was  small.  However,  the  cylinder's  end  was  very  close  to  the  test-channel 
wall,  i.e.,  the  gap  between  them  was  1  mm,  so  the  test-channel  wall  seemed 
to  suppress  some  of  the  three-dimensional  flow  effects  similarly  as  for  end 
plates  at  both  sides  of  a  cylinder(4],  Noted  here  that,  although  this 
small  aspect  ratio  detracts  from  generality  of  the  results  from  the  view¬ 
point  of  fluid  mechanics,  they  are  considered  to  indicate  a  new  problem 
involving  vortex-induced  vibrations  of  a  circular  cylinder  in  a  two-phase 
flow. 


V=0-4m/s  <2=0-0  V=0-4m/s  a  =0  0 


(a)  (|>) 

Fig.  2  Typical  wave  forms  of  cylinder  vibrational  accelerations 
in  (a)  in-line  and  (b)  cross-flow  directions 


Figs.  2  (a)  and  (b)  show  typical  time  traces  for  the  vibrational 
acceleration  of  the  cylinder  at  flow  approaching-velocity  V=0.4  m/s,  where 
the  in-line  component  of  acceleration  is  indicated  in  Fig.  2  (a)  and  the 
cross-flow  component  in  2  (b).  For  a  single-phase  water  flow  (vol¬ 
umetric  void  fraction:  o!  =  0.0%),  in-line  vibration  was  harmonic  and  large. 


x 


V/JD 


Fig.  3  RMS  of  in-line  vibrational  acceleration  of  a  cylinder 
as  a  function  of  reduced  velocity  V/fD 
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However,  for  C<  =  3.8%,  it  was  drastically  reduced  (Fig.  2  (a)).  Further 
increasing  the  void  fraction,  e.g.,  to  o(  =  28.5%,  yielded  a  rather  random 
but  very  large  in-line  vibration. 

Corresponding  to  Fig.  2  (a)  for  cX  =  3.8%  and  28.5%,  Fig.  2  (b)  shows 
that  cross-flow  vibration  at  that  flow  was  little  influenced  by  air  bubbles 
injected  into  the  flow  for  low  void  fractions,  e.g.,  (X>  =  3.8%,  but  a  large 
amount  of  air  bubbles  in  the  flow  ( (X  =  28.5%)  generated  strong  vibrations 
in  both  cross-flow  and  in-line  directions. 

Using  f  to  designate  the  peak  frequency  in  PSD  for  in-line  vibrational 
acceleration,  the  reduced  velocity  is  defined  as  V/fD,  where  D  is  the 
cylinder  diameter  and  V  the  water  approaching-velocity.  Fig.  3  shows  the 
RMS  of  in-line  vibrational  acceleration  plotted  against  reduced  velocity. 

A  single-phase  water  flow  induced  a  large  in-line  vibration  in  the  cylinder 
system  when  V/fD  =  2.1,  agreeing  with  King's  findings[15).  When  the  void 
fraction  was  5%,  two-phase  flow-induced  in-line  vibration  became  much 
smaller  than  that  in  water  flow,  for  reduced  velocities  ranging  from 
0.5  to  2.5.  Note  that,  at  V/fD  =  2.1,  vibration  was  markedly  reduced  to 
about  1/4  that  in  water  flow.  Even  for  0(  =  13.5%,  air  bubbles  in  the  flow 
damped  in-line  vibration  by  about  20%  for  V/fD  of  nearly  2.  For  higher 
void  fractions,  e.g.,  (X  =  18%  or  24%,  cylinder  vibration  increased  with 
V/fD,  and  was  very  large  compared  with  that  for  water  flow. 

2.2  Cross-flow  Vibration 


A  cylinder  the  same  size  as  that  described  in  Section  2.1  was  used  to 
investigate  two-phase  flow-induced  cross-flow  vibration.  Flat-plate 
springs  were  employed  to  flexibly  support  the  test  cylinder  as  shown  in 
Fig.  1  (b).  The  natural  frequency  of  the  cylinder-spring  system  in  this 
case  was  3.4  Hz  in  a  cross-flow  direction  in  still  water,  and  13  Hz  in  an 
in-line  direction.  The  cylinder  was  thus  able  to  oscillate  primarily  in 
a  cross-flow  direction.  The  damping  ratio  of  the  test  cylinder  system  was 
3.7%  in  water.  Two  vibration  pickups,  fixed  inside  the  cylinder,  measured 
oscillatory  acceleration  in  both  cross-flow  and  in-line  directions. 

Fig.  4  shows  the  RMS  value  of  cross-flow  vibration  acceleration 
plotted  against  void  fraction.  For  V  =  0.3  m/s,  vibration  increased  with 
void  fraction.  For  higher  velocity,  e.g.,  V  =0.6  m/s,  vibration  was  very 


Fig.  4  RMS  cross-flow  vibrational  acceleration  of  a  cylinder 
as  afunction  of  void  fraction 


largo  at  (/  =  0.0%,  i.e.,  in  water  flow.  This  is  clearly  due  to  the  lock- 
in  of  vortex  shedding  with  cylinder  oscillation.  Injecting  air  bubbles  up 
to  about  7%  in  void  fraction  into  the  flow  reduced  vibration  markedly,  as 
the  figure  shows.  Above  a  void  fraction  of  0(  =  7%,  however,  cross-flow 
vibration  again  increased.  Maximum  vibration  reduction  for  these  veloci¬ 
ties  was  observed  to  occur  at  a  void  fraction  of  about  7%. 


Fig.  5  RMS  cross-flow  vibrational  acceleration  of  a  cylinder 
as  a  function  of  reduced  velocity  V/fD 


(a)  V  =  0.4  m/s,  CX  =  0.0% 


*  J-  *  J.  * 


Photo  1.  Wake  patterns  from  an  in-line  oscillating  circular 
cylinder  (a)  in  single-phase  water  flow,  and  (b)  in 
two-phase  flow 


These  results  are  plotted  next,  'n  Fig.  5,  against  reduced  velocity, 
V/fD.  For  a  single-phase  flow  (0<  =  0.o%),  cross-flow  vibration  increased 
with  reduced  velocity,  falling  into  a  so-called  lock-in  state  at  V/fD  =  5, 
where  there  were  large-amplitude  vibrations  of  the  cylinder.  For  a  two- 
phase  flow  with  a  void  fraction  c<<,  20%,  vibration  increased  almost  linearly 
with  reduced  velocity  up  to  V/fD  =4.5.  Over  V/fD  =  4.5,  however,  vibration 
decreased  foro4<  10%;  for  higher  void  fractions,  e.g.,  o<  =  20%,  it  kept  an 
almost  constant  magnitude.  As  the  figure  indicates,  cross-flow  vibration 
was  drastically  reduced  for  V/WZ  5  by  injecting  a  certain  amount  of  air 
bubbles  into  the  flow.  For  V/fD<  4.5,  however, the  two-phase  flow-induced 
vibration  was  much  stronger  than  that  excited  by  vortex  shedding  in  a  water 
flow.  For  a  two-phase  flow  with  a  low  void  fraction,  e.g.,  c<  =  1.5%,  the 
peak  response  in  Fig.  5  at  V/fD  =  4.5  corresponded  to  the  "resonance"  of 
the  cylinder  system  caused  by  a  narrow-banded  fluid  force  of  two-phase 
vortex  shedding,  because  .the  vortices  shed  at  a  frequency,  of  3.3  Hz 
calculated  from  a  Strouhal  number  of  0.22. 

3.  VIBRATION  EXCITATION  AND  REDUCTION  MECHANISMS 

3.1  In-line  Vibration 


(a)  Excitation  mechanism.  Photo  1  (a)  shows  a  series  of  wake 
patterns  generated  by  in-line  vibration  of  the  circular  cylinder  described 


108 


Fig.  6  PSD  oC  in-line  vibrational  acceleration  induced  by 
two-phase  flow  (V  =  0.4  m/s,  and  =  28.5%) 

in  Section  2.1.  Water  flow  velocity  was  0.4  m/s,  corresponding  to  a 
reduced  velocity  V/£D  of  1.75.  The  wake  did  not  oscillate,  but  rose 
straight.  According  to  King[15],  in-line  vibration  is  excited  by  symmetric 
vortex  shedding  at  each  cycle  of  cylinder  vibration.  The  wake  is  therefore 
considered  to  form  the  pattern  in  Photo  1  (a).  Because  a  cylinder  system 
is  most  inclined  to  vibrate  at  its  natural  frequency,  symmetric  vortex 
shedding  is  thought  to  synchronize  with  cylinder  oscillation,  meaning  a 
large  in-line  vibration  will  be  generated.  King[ 15]  also  pointed  out  a 
threshold  amplitude  for  the  onset  of  in-line  vibration  instability,  i.e., 
1-2%  cylinder  diameters.  For  V/fD  =2.1  in  Fig.  3,  the  estimated  vibration 
amplitude  was  1.6  mm,  yielding  an  amplitude-to-diameter  ratio  of  5.3%.  A 
large  in-line  vibration  was  thus  concluded  to  occur  at  V/fD  =  2.1. 

For  higher  void  fractions,  for  instance  o(  =  28.5%,  the  cylinder  was 
very  strongly  excited  in  both  in-line  and  cross-flow  directions  (Figs.  2 
(a)  and  (b)).  Two-phase  flow  vortex  shedding  did  not  occur  at  higher  void 
fractions  [81 ,  e.g.toi^iG%,  Vortex  shedding  was  thus  not  a  candidate  for 
the  excitation  mechanism  in  this  case.  On  the  other  hand,  two-phase  flow- 
induced  unsteady  forces  are  very  large  and  rather  random[8,  9],  apparently 
generated  by  buffeting  of  the  cylinder  by  a  veiy  random  flow  which  includes 
air  bubbles.  The  cylinder  was  thus  considered  to  be  forced  to  vibrate  by 
these  strong,  random,  extraneous  buffeting  fluid  forces.  This  is  supported 
by  the  shape  of  the  PSD  distribution  for  in-line  vibration  acceleration  for 
V  =  0.4  m/s  and  c(  =  28.5%  ,as  shown  in  Fig,  6,  corresponding  to  one  exam¬ 
ple  in  Fig.  2  (a). 

(b)  Reduction. mechpj.isni.  Photo  1  (b)  shows  a  series  of  two-phase 
flow  patterns  around  the  flexibly  mounted  cylinder,  exhibiting  a  slightly 
oscillatory  motion  in  the  wake  generated.  Air  bubbles  flow  closely  along 
the  cylinder  surface  with  a  slip-velocity  to  water  flow  due  to  buoyancy, 
and  are  thus  considered’  to  strongly  disturb  the  boundary  layer.  Symmetric 
vortices  are  therefore  probably  not  generated  at  each  cycle  ci  oscillation. 
Photo  1  (b)  supports  this  hypothesis  by  indicating  two-phase'  flow  alternate 
vortex  shedding  as  described  in  Section  1. 

A  vibration  amplitude,  estimated  from  the  RSM  of  cylinder  vibrational 
acceleration  and  the  natural  frequency  for  V/fD  =  2.1  and  o(  =  5%  in  Fig. 

3  yields  an  amplitude-to-diameter  ratio  of  about  1.3%,  meaning  the  cylinder 
is  essentially  stationary  in  the  flow.  Fluid  forces  acting  on  the  flexi¬ 
bly  mounted  cylinder  are  thus  considered  to  have  almost  the  same  character 
as  that  acting  on  a  stationary  cylinder  for  a  low  void  fraction[9,  10], 

This  means  that  two-phase  flow-induced  forces  are  not  dominant,  but  are 
rather  random  over  a  range  4  Hz  to  10  Hz  including  the  cylinder  natural 
frcquency[9,  10] .  The  cylinder  thus  does  not  resonate  with  fluid  forces  at 
its  natural  frequency.  For  this  reason,  in-line  vibration  was  markedly 
reduced  by  injecting  a  small  amount  of  air  bubbles  in  the  flow. 
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Cross-flow  Vibration 


3.2 


(a)  Excitation  mechanism  for  small,  reduced  velocity.  For  V/fD^  4 
in  Figs.  4  and  5,  there  are  two  possible  excitation  mechanisms  in  the  two- 
phase  flow-induced  vibrations.  One  is  vortex  shedding  generating  an  alter¬ 
native  fluid  force  on  the  cylinder  system,  and  the  other  is  the  buffeting 
force  due  to  random  air-bubble  motion  against  the  cylinder. 

As  shown  in  Fig.  5,  the  vibration  response  CT(G)  increases  rapidly 
with  V/fD  for  small  void  fractions;  for  example,  o <  =  1.5%  or  10%,  and 
takes  a  peak  at  about  V/fD  =  4.4  to  4.1.  From  the  viewpoint  of  linear 
random  vibration,  two  major  factors  produce  a  large  vibration  response  in 
the  cylinder-spring  system:  One  is  the  magnitude  of  an  unsteady  fluid  force 
acting  on  the  cylinder,  and  the  other  the  dominant  frequency  of  the  fluid 
force.  Hara[9]  already  demonstrated  that,  for  low  void  fractions  c(< 10%, 
two-phase  flow-induced  unsteady  lift  increased  rather  gradually  with  flow 
velocity  V;  for  instance,  the  force  acting  on  a  stationary  circular 
cylinder,  30  mm  in  diameter,  at  V  =  0.5  m/s  (or  V/fD  =  4.6)  was  about  50% 
larger  than  that  for  V  =  0.3  m/s,  corresponding  to  V/fD  =  3  in  Fig.  5.  On 
the  other  hand,  the  increase  in  vibration  response  from  V  =  0.3  m/s  to  0.5 
m/s  is  almost  8  times  for  o (  =  1.5%  as  shown  in  Fig.  5.  Thus,  this  high 
response  at  V/fD  =  4.6  is  considered  due  to  the  dominant  frequency  of  the 
fluctuating  lift  rather  than  the  magnitude  of  unsteady  lift,  approaching 
the  cylinder  natural  frequency  with  the  increase  in  V/fD  and  bringing  the 
vibration  into  a  resonance  with  vortex  shedding. 

Buffeting  is  not  sinusoidal  but  random[9,  10],  and  increases  with  void 
fraction  and  water  velocity  in  the  flow,  as  indicated  in  [9,  10].  Furth¬ 
ermore,  when  reduced  velocity  is  small,  e.g.,  V/fD  =  3,  vortex  shedding 


Fig.  7  Peak  frequency  in  PSD  of  cross-flow  vibrational  acceleration 
at  c(  =  0.0%  plotted  against  reduced  velocity  V/fD 


frequency  is  much  smaller  than  the  cylinder  natural  frequency  (Fig,  7). 
Thus,  vibration  of  the  cylinder  system  is  due  mostly  to  the  buffeting 
force  and  becomes  narrow-banded,  with  a  dominant  component  at  the  cylinder 
natural  frequency  as  shown  in  Fig  .8  for  V  =  0.3  m/s  and  oi.  =  1.4%,  and 
increases  with  the  void  fraction  as  shown  in  Figs.  5  and  8.  The  buffeting, 
unsteady,  impulsive  force  due  to  air  bubble  random  motion  in  the  flow  is, 
therefore,  considered  the  major  excitation  mechanism  in  cross-flow  vibra¬ 
tion  at  low  reduced  velocities. 

Karman  vortex  shedding  apparently  does  not  occur[8]  for  void  fraction 
<X  >  10%.  ilaral9,  10]  showed  that  unsteady  fluid  forces  were  very  large 


110 


V=Oom/s  tf=0-0  LIFT 


0 


0 


1  s 

OU  0-014. 


C(=0.272 

Y>mmMAA/a''*WW\ 


Fig.  8  Cross-flow  acceleration  waveforms  at  V  =  0.3  m/s  for  different 
void  fractions 


and  random,  indicating  chat  a  major  excitation  mechanism  for  high  void 
fractions  is  most  Likely  the  impinging  air  bubbles  and  the  unsteady,  random 
buffeting  force,  due  to  random  bubble  motion,  acting  on  the  cylinder.  Fig. 
8  supports  this,  because  the  cylinder,  which  is  a  one-degree-freedom  vibra¬ 
tion  system,  has  a  narrow-banded  response  character  with  the  dominant  com¬ 
ponent  at  its  natural  frequency. 

(b)  Vibration  reduction.  When  vortex  shedding  is  synchronized  with 
cylinder  oscillation,  a  small  amount  of  air  bubbles  injected  in  the  flow 
can  drastically  reduce  cross-flow  vibration  (Figs.  4,  5).  Photos  2  (a)  and 
(b)  show  wake  patterns  generated  by  a  single  cylinder  flexibly  mounted  in  a 


(b)  V  s  0.6  m/s,  0<  =  5.0 % 

Photo  2.  Wake  patterns  from  a  cross-flow  oscillating  circular 

cylinder  (a)  in  single-phase  flow,  and  (b)  in  two-phase 
flow 
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cross  flow.  Photo  2  (a)  Is  for  V  =0.6  m/s  and  o(  =  0.0%  (water  flow)  and 
(b)  for  V  =  0.6  m/s  and  o(  =  5%.  Photo  2  (a)  and  Fig.  8  indicate  the  vibra¬ 
tion  is  locked  in.  The  injection  of  air  bubbles  in  the  water  flow  is 
thought  to  strongly  disturb  the  cylinder's  boundary  layer  due  to  the  ran¬ 
dom  motion  of  air  bubbles  flowing  with  a  slip  velocity  to  water  flow 
and  to  produce  a  random  buffeting  force.  Synchronization  is  thereby  pro¬ 
bably  detuned  and  the  lock-in  state  destroyed,  and  two-phase  flow  vortices 
shed  at  the  appropriate  Strouhal  number — which  is  already  much  higher,  for 
this  case,  than  the  cylinder  natural  frequency  (Fig.  7).  Unsteady  fluid 
forces  acting  on  the  cylinder,  however,,  which  remains  almost  stationary, 
are  random  and  impulsive,  but  have  a  dominant  frequency  component  corres¬ 
ponding  to  two-phase  flow  vortex  shedding  for  low  void  fraction[9,  10]. 

This  character  is  considered  due  to  random  air  bubble  motion  in  the  flow. 
Cross-flow  vibration  response  to  random  fluid  forces  without  a  dominant 
component  at  the  cylinder  natural  frequency  is  thereby  significantly  re¬ 
duced.  This 'is  also  supported  by  the  fact  that,  os  demonstrated  in  experi¬ 
ments,  when  the  random  forces  have  a  dominant  frequency  component  at  the 
cylinder  natural  frequency,  for  example,  V  =  0.5  m/s  or  V/fD  =  4.5,  the 
vibration  is  not  reduced  significantly,  as  indicated  in  Fig.  4. 

Major  mechamisms  in  reducing  vortex-induced  cross-flow  vibration  in 
water  flow  are,  thus,  considered  to  be  (1)  detuning  of  synchronization 
between  vibration  and  vortex  shedding  and  (2)  randomness  of  unsteady  fluid 
forces  induced  by  the  stochastic  motion  of  air  bubbles  in  the  flow. 

4.  CONCLUDING  REMARKS 

This  paper  (1)  examines  in-line  and  cross-flow  vibration  characteris¬ 
tics  of  a  flexibly,  horizontally  mounted  circular  cylinder  in  a  two-phase 
vertical  flow,  and  (2)  discusses  the  major  fluid  dynamic  and  vibrational 
mechanisms  exciting  and  reducing  in-line  and  cross-flow  vibration,  taking 
into  account  major  experimental  results  on  phenomenological  characteristics 
of  two-phase  air-water  bubble  flow  around  a  single  circular  cylinder,  which 
is  horizontally  installed  and  perpendicular  to  the  flow. 

A  small  amount  of  air  bubbles  injected  in  the  flow  markedly  reduces 
both  in-line  and  cross-flow  vibrations  when  they  are  in  resonance  with 
vortex  shedding.  A  large  amount  of  air  bubbles  injected  in  the  flow, 
however,  excites  vibration  strongly  and  randomly. 

Thus,  the  major  vibration  mechanisms  for  excitation  in  two-phase  cross 
flow  found  from  the  experimental  data  are  (1)  buffeting  forces  due  to  the 
random  motion  of  air  bubbles  in  the  flow  and  (2)  two-phase  flow  vortex 
shedding  generating  a  narrow-banded  random  force  on  the  cylinder  at  low 
void  fractions. 

Major  mechanisms  for  vibration  reduction  are  found  to  be  (1)  detuning 
of  synchronization  between  cylinder  oscillation  and  vortex  shedding  through 
strong  disturbance  of  the  cylinder  boundary  layer  caused  by  injecting  a 
small  amount  of  air  bubbles  in  the  flow  and  (2)  randomness  in  two-phase 
flow-induced  unsteady  forces. 
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FLOW-INDUCED  VIBRATIONS  OF  MIXING  VESSEL  INTERNALS 
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ABSTRACT 

This  paper  draws  together  the  results  of  research  work  undertaken  at  BHRA  on 
cylindrical  members  excited  to  oscillate  by  flow  within  unbaffled  mixing  vessels. 
Oscillations  of  an  anchor  mixer  and  parallel  sided  and  stepped  dip  tubes  are  de¬ 
scribed,  including  those  cases  in  which  the  cylinders  are  mounted  close  to  the 
vessel  wall.  The  results  are  used  to  define  guidelines  for  use  in  calculating 
safe  operating  limits  of  cylinders  dipping  into  water.  Recommendations  are  made 
for  avoiding  vortex  excited  oscillations  of  an  anchor  mixer  by  a  device  which 
actually  improves  its  efficiency  as  a  mixer. 

1 .  INTRODUCTION 

This  paper-  describes  work  recently  completed  with  elastic  cylinders  undergo¬ 
ing  vortex-excited  oscillations  in  flowing  fluids.  Two  examples  have  been  select¬ 
ed:  a  fully  immersed  cylinder  in  nominally  rotary  flow  and  cylinders  dipping  into 
linear  and  rotory  flow  from  above. 

Considerable  research  effort  has  been  directed  cowards  the  problems  of  sus¬ 
tained  oscillations  of  cylinders  due  to  vortex  shedding  in  steady  flow.  In  the 
majority  of  cases,  the  cylinders  have  been  completely  immersed  in  the  fluid 
(chimneys,  underwater  pipelines)  or  have  protruded  through  the  fluid  surface  from 
below  (marine  piles,  submarine  periscopes).  In  other  equally  practical  situa¬ 
tions,  the  cylinder  dips  into  the  flowing  fluid  from  above,  and  this  configuration 
has  not  received  the  same  detailed  experimental  attention,  Typical  applications 
of  these  cylinders  would  be  draught  tubes  and  stilling  wells  for  submersible  pumps 
on  offshore  oil'  rigs  or  thermometer  pockets  and  dip  tubes  in  reaction  vessels  in 
the  nuclear  or  process  industries.  This  geometrical  arrangement  differs  from  the 
more  conventional  cy.linder/water  set-up  in  at  least  two  ways  (ij  the  fluid  excit¬ 
ation  is  applied  where  the  elastic  resistance  of  the  cylinder  is  lowest  and  (ii) 
for  very  shallow  depths  of  immersion  the  three-dimensional  flow  effects  over  the 
end  of  the  cylinder  cause  disruption  of  the  vortex  shedding  correlation  with  re¬ 
spect  to  length. 

Both  of  tile  examples  to  be  described  have  application  to  the  process  indus¬ 
tries  because  both  are  associated  with  batch  mixing  vessels  in  which  chemical  re¬ 
actions  are  to  be  carried  out.  It  is  essential  that  the  reactants  or  components 
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are  brought  into  contact  and  distributed  uniformly  throughout  the  vessel,  and  for 
this  purpose,  mechanical  mixers,  or  agitators  are  used.  Typically,  the  vessels 
are  up  to  7  m3  in  volume  and  the  majority  are  each  fitted  with  a  central  shaft 
and  driven  from  above  through  an  external  motor  and  gearbox  supported  on  a  steel 


lid. 


Many  of  the  liquids  are  extremely  corrosive  and  the  vessels  are  glass-lined 
as  a  protection.  The  mixer  too  must  be  protected  and  this  means  that  the  shape 
selected  is  one  that  can  be  readily  glass  coated  rather  than  that  which  would  give 
the  best  mixing. 

In  viscous  corrosive  media  an  agitator  shaped  like  an  anchor  frequently  is 
used;  this  sweeps  past  the  walls  of  the  vessel  (which  are  usually  heated)  to  pre¬ 
vent  local  accretion  or  hot  spots.  Normally  anchor  blades  or  arms  would  be  oval 
in  cross  section,  with  the  larger  axis  radial  to  the  vessel  wall  and  equal  to  one 
tenth  of  the  vessel  diameter.  However,  in  the  first  example,  a  model  anchor  mixer 
with  arms  of  circular  cross-section  was  tested  in  a  mixing  vessel  under  an  indus¬ 
trial  contract.  The  rotating  arms  created  a  concentric  flow  pattern  within  the 
vessel;  the  fluid  did  not  rotate  at  the  same  rate  as  the  arms,  due  to  slippage  and 
the  arms  thus  experienced  cross-flow  relative  to  them.  In  addition,  the  clearance 
between  the  anchor  arms  and  the  vessel  wall  was  varied  to  observe  the  changes  in¬ 
duced  by  this  practice. 

In  the  second  example,  several  model  dip-tubes  were  tested  in  a  mixing  ves¬ 
sel  and  also  in  a  water  channel.  Dip  tubes  are  used  for  measuring  temperatures, 
adding  reagents,  and  for  extracting  samples  from  mixing  vessels.  These  tubes  are 
generally  of  circular  cross-section,  are  cantilevered  from  the  lid  of  the  vessel 
and  may  extend  almost  to  its  base.  Not  all  dip  tubes  are  straight  or  of  constant 
diameter.  Some  gas  sparge  pipes  are  tapered:  some  are  stepped,  having  a  silencer 
at  the  end  to  reduce  noise  levels;  others  may  be  curved  for  emptying  the  contents 
from  vessels  not  equipped  with  bottom  outlets.  In  mixing  vessels  in  which  nom¬ 
inally  rotating  flow  is  created,  the  dip  tubes  are  subject  to  relative  cross  flow. 
Dip  tubes  are  often  placed  close  to  the  walls  of  the  vessel  and  proximity  effects 
must  be  considered,  just  as  in  the  case  of  the  arms  of  the  anchor  mixer. 

Vortex  shedding  occurs  from  the  anchor  arms  and  from  the  dip  tubes,  and  sus¬ 
tained  bending  oscillations  have  been  recorded.  The  oscillations  can  have  four 
effects:  a)  they  can  ruin  the  seat  or  stuffing  box  at  the  top  mounting  of  the 
anchor  mixer  shaft,  leading  to  contamination  of  contents  or  leakage  of  possibly 
hazardous  or  toxic  fumes;  b)  the  anchor  arms  can  contact  the  vessel  wall  leading 
to  corrosion  problems  if  the  glass  lining/coatings  are  ruptured;  c)  the  dip  tubes 
can  contact  either  the  vessel  wall  or  the  anchor  mixer  depending  on  location, 
causing  problems  similar  to  b);  and  d)  fatigue  failure  of  the  components  may 
occur. 


Vessels  are  expensive,  and  their  contents  are  often  extremely  valuable;  loss 
of  either  can  be  costly  and  inconvenient.  A  number  of  ad  hoc  solutions  have  been 
found  for  specific  problems  and  there  are  still  many  unknowns.  This  paper  draws 
together  the  experimental  results  from  work  undertaken  largely  at  BHRA  and  pre¬ 
sents  a  consistent  pattern  of  behaviour  for  the  configurations  tested. 

1 . 1  Previous  Work 

Probably  one  of  the  earliest  demonstrations  of  vortex  excited  oscillations 
of  a  cylinder  dipping  into  rotating  flow  was  that  of  Lord  Rayleigh  [i)  who  in  1915 
ran  a  series  of  fairly  rudimentary  tests  using  a  rotating  bath  of  water  to  show 
that  coincidence  of  vortex  shedding  frequency  and  natural  frequency  of  a  pendulum 
cylinder  dipping  into  the  water  gave  rise  to  sustained  oscillations.  He  demons¬ 
trated  that  the  pendulum  oscillated  cross-flow  (i.e.  radially)  and  that  maximum 
oscillation  amplitude  was  recorded  for  an  apparent  Strouhal  number  of  0.14.  This 
may  be  interpreted  as  maximum. amplitude  occurring  at  a  Reduced  Velocity  (V  )  of  7; 
he  repeated  the  tests  in  heated  water  (60°  C)  and  recorded  results  that  were  in¬ 
sensitive  to  this  change  of  temperature  and  consequent  change  in  Reynolds  number. 
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Bearman  and  Zdravkovich  (2]  measured  Che  pressure  disCribuCion  around  a 
rigid  cylinder  placed  near  a  plane  boundary.  As  Che  cylinder  was  moved  cowards 
Che  wall  Che  fronc  scagnacion  poinc  was  displaced  cowards  che  gap  and  che  cylinder 
experienced  a  force  expelling  ic  from  che  wall.  GokCun  [3]  showed  chac  Che  freq¬ 
uency  of  vorcex  shedding  becween  a  rigid  cylinder  and  che  wall  was  differenC  from 
ChaC  from  Cha  cop  surface  of  Che  cylinder,  and  chis  may  have  been  associaCed  wich 
changes  in  locaCion  of  Che  separacion  and  scagnacion  poinCs  as  noced  by  Bearman 
and  Zdravkovich  (2).  Alchough  Chere  are  obvious  differences  (noCably  in  Reynolds 
number)  beCween  Che  various  references,  Chere  is  a  general  concensus  Chac  for 
rigid  cylinders,  regular  vorcex  shedding  ceases  ac  G/D  =  0.3  and  chac  che  isolaced 
cylinder  condicion  is  reached  for  G/D  -  1.  (2-6). 

Alchough  rigid  cylinders  would  noc  necessarily  exhibic  vorcex  shedding  pac- 
cerns  chac  are  represencacive  of  Chose  from  flexible  cylinders  (such  as  dip  cubes) 
under  ocherwise  similar  condicions,  Che  brief  liceraCure  survey  on  proximicy  cesCs 
provided  a  useful  poinCer  on  whac  Co  observe  in  Che  work  described  in  Chis  paper. 

2.  EXPERIMENTAL  ARRANGEMENTS 

Two  mixing  vessels  and  a  flume  were  used  in  Che  work  described  here. 

The  anchor  hydroelascic  model  (builc  Co  a  linear  scale  of  approximaCely 
2.25:1  was  Cesced  in  a  600  mm  diamecer  perspex  mixing  vessel  wich  a  rounded  base 
(Fig.  I).  The  gap  becween  Che  arms  and  che  wall  was  varied  in  Cwo  seeps  by  in- 
sercing  liners.  Based  on  Che  diamecer  of  Che  arms  (57  mm)  Che  range  of  gaps  cesc¬ 
ed  was  G/D  =  0.39,  0.14,  0.07. 


Fig.  1.  The  hydroelascic  model  anchor  mixer  in  Che  0.6  m  diamecer  mixing  vessel. 

The  cencral  shafe  of  che  anchor  was  scrain-gauged  Co  sense  Corsion  and 
scrain  in  cwo  orchogonal  planes  of  bending  (radial  and  cangencial) .  The  secs  of 
scrain  gauges  each  formed  pare  of  a  separaCe,  Cuned  high  frequency  (RF)  circuic 
and  changes  of  scrain  were  inCerpreCed  as  changes  in  frequency.  Each  of  Chree 
baccery-powered  frequency  cransmiccers  was  clamped  Co  Che  shafe  and  chus  rocaced 
wich  ic.  Each  unic  cransmicced  signals  Chrough  an  ancenna  concencric  wich  che 
shafe  and  ehese  were  received  by  a  scacionary  pick-up  mounced  close  Co  Che  shafe. 
Thus  Che  corsion  and  bending  scrains  could  be  monicored  whilsC  Che  shafe  was  ro- 
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tating.  The  instrumentation  worked  equally  well  when  the  shaft  was  not  rotating 
and  the  dynamic  tests  were  preceded  by  a  short  investigation  into  added  mass  and 
frequency  variation  over  the  range  of  gaps  available.  Speed  of  rotation  was  mon¬ 
itored  automatically  on-line  using  a  toothed  wheel  interrupting  a  light  source. 

The  perspex  mixing  vessel  used  for  the  dip  tube  experiments  and  later  for 
flow  visualisation,  was  of  square  plan  680  mm  deep  and  having  a  clear  circular 
insert  of  762  mm  diameter  to  avoid  refraction  when  viewed  from  outside.  The  base 
of  the  vessel  was  flat  and  made  from  perspex,  and  mounted  beneath  the  vessel  on  a 
turntable  was  a  TV  camera  which  rotated  synchronously  with  the  central  mixer 
shaft.  The  TV  signals  were  connected  through  a  slip-ring  arrangement  to  a  video 
recorder  and  monitor.  By  this  means,  the  observer  could  see  what  the  flow  pat¬ 
terns  were  at  the  mixer  (which  for  the  majority  of  tests  was  a  4-bladed  impeller). 
In  later  tests,  the  central  mixer  was  removed  and  replaced  by  an  adjustable  cross 
member  to  which  a  vertical  cylinder  was  connected  to  simulate  one  of  the  anchor 
arms  sweeping  near  the  vessel  wall  (Fig.  2),  to  enable  flow  visualisation  studies 
to  be  made  of  the  vortex  shedding  processes  for  this  arrangement. 


Fig.  2.  The  mixing  vessel  used  for  the  dip  tube  tests.  Note  the  rotating  TV 
camera,  monitor  and  cylinder  used  for  flow  visualisation. 

For  the  dip  tube  tests,  each  dip  tube  was  strain-gauged  in  two  bending 
planes  (X,  Y;  tangential  and  radial)  and  mounted  from  above  the  vessel  at  various 
clearances  from  the  wall  in  the  range  0.16  £  G/D  £  5.58.  The  signals  from  the 
strain  gauge  amplifier  were  fed  into  an  oscilloscope  for  visual  observation  and 
into  a  PDPI1/03  computer  for  analysis  using  an  HP  5420  digital  signal  analyser, 
which  gave  rms  amplitudes  and  frequency  composition.  In  the  tests  two  800  mm 
long  parallel  sided  (plain)  dip  tubes  of  diameter  9.4  mm  and  12.7  mm  respectively 
were  investigated,  and  one  stepped  dip  tube,  having  diameters  of  9.4  mm  and 
12.7  mm  on  the  same  cylinder.  The  step  length  was  300  mm.  The  dip  tubes  were 
tested  for  only  one  fixed  depth  of  partial  immersion  (600  mm  measured  from  the 
free  end)  and  the  influence  of  variable  immersion  was  investigated  more  thoroughly 
in  the  flume  tests  (G/D  •+  ®>)  using  three  different  plain  dip  tubes  having  dia¬ 
meters  of  16.5,  25.4  and  30  mm  respectively.  The  depth  of  immersion  of  these 
tubes  was  varied  by  adjusting  the  water  level  in  the  flume  over  which  the  strain- 
gauged  dip  tubes  were  mounted.  The  instrumentation  for  these  tests  was  fairly 
simple,  consisting  of  strain  gauge  amplifier  and  UV  chart  recorder,  yielding  amp¬ 
litudes  (as  bending  moment)  and  frequencies  of  oscillations. 
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3. 


RESULTS 


3. 1  Anchor 

In  the  original  configuration,  Che  anchor  vibrated  with  increasing  violence 
over  a  wide  velocity  range,  in  a  radial  (cross-flow)  direction  and  the  speed  of 
rotation  was  restricted  to  prevent  damage  to  the  perspex  vessel  or  to  the  anchor. 
In  this  respect  the  model  anchor  reproduced  the  behaviour  of  the  fullscale  anchor 
both  in  the  type  of  response  and  in  the  scaled  rotational  speed  at  which  oscilla¬ 
tions  were  first  recorded  (7].  As  in  the  fullscale  tests,  the  addition  of  a 
trailing  splitter  plate  projecting  for  one  diameter  from  each  of  the  arms  almost 
completely  suppressed  the  oscillations  and  this  was  taken  as  a  confirmation  Chat 
vortex  shedding  was  the  cause  of  the  excitation.  The  trailing  splitter  was  not  a 
practical  solution  because  it  gave  a  streamlined  contour  to  each  arm,  thus  reduc¬ 
ing  the  drag  coefficient  and  mixing  efficiency  of  the  anchor. 

A  series  of  investigations  was  made  using  the  anchor,  to  determine  the  de¬ 
pendence  of  the  results  on  Reynolds  number,  to  gain  some  basic  design  data  for 
future  use  and  finally  to  find  an  acceptable  way  of  reducing  the  oscillations  to 
reasonable  levels.  The  velocity  distribution  in  the  vessel  was  determined  by 
using  a  miniature  propeller  meter  tor  each  test  set  up  over  a  range  of  anchor 
speeds  to  yield  the  slip  or  relative  velocity  between  the  fluid  and  the  anchor 
arms.  The  appropriate  slip  velocity  was  used  throughout  the  subsequent  analyses. 

3.1.1  Varying  the  gap.  The  liners  were  inserted  in  sequence  and  the  anchor 
response  noted  for  each  condition.  Table  1  summarises  the  results  showing  that 
the  onset  of  oscillations  was  recorded  for  progressively  lower  values  of  Reduced 
Velocity  V  as  the  gap  was  decreased.  This  indicates  that  Strouhal  vortex  shed¬ 
ding  frequency  and  size  of  gap  are  related  by  an  inverse  power  law.  The  reduction 
in  natural  frequency  (f  )  with  reduction  in  gap  indicates  not  unreasonably  that 
the  added  mass  coefficient  is  also  a  function  of  gap  size. 

Table  I:  Onset  of  oscillations  for  variable  gap 


1 - 

*  G/D 

fn 

(Hz) 

V 

rc 

i  0.396 

3. 13 

3.31 

i  0. 140 

2.99 

2.29 

i  0.075 

2.92 

1.50 

3.1.2  Varying  the  Reynolds  number.  The  question  of  Reynolds  number  dependence 
inevitably  arises  when  the  results  of  model  tests  are  applied  to  the  full  size 
equivalent.  In  this  section,  the  response  of  the  anchor  was  measured  in  a  dilute 
solution  of  glycerol  having  a  viscosity  of  57  cP,  (water  =  I  cP). 

It  will  be  seen  from  Fig.  3  that  the  velocity  at  onset  of  large  amplitude 
oscillations  in  glycerol  is  very  close  to  that  recorded  in  pure  water,  although 
the  Reynolds  numbers  of  the  comparable  cases  are  400  and  23,000  respectively. 
These  effects  are  similar  to  previous  research  with  oscillating  cylinders  in 
flowing  water  in  which  Reynolds  number  was  shown  to  have  secondary  importance 
in  determining  criteria  for  the  onset  of  oscillations  !8), 

3.1.3  The  stabilising  effect  of  fins.  In  a  brief  exploratory  test,  it  was  shown 
that  fins  projecting  for  3D/8  mounted  in  pairs  at  190"  from  the  leading  stag¬ 
nation  point  of  each  arm  completely  suppressed  the  oscillations.  The  fins  gave 

a  very  small  running  clearance  at  the  vessel  wall  which  could  cause  problems  in 
industrial  use.  The  tests  in  this  section  were  arranged  to  determine  the  optimum 
location  and  minimum  size  of  fins  to  suppress  oscillations  consistent  with  pro¬ 
viding  an  adequate  drag  coefficient  and  an  acceptable  running  clearance. 
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Anchor  Speed  ,  R.P.M. 


Fig.  3.  Flow-induced  oscillations  of  the  anchor  mixer  in  water  and  in  glycerol 
solution. 

A  wide  range  of  fin  sizes  and  locations  were  investigated  and  the  results 
showed  that  the  amplitude  of  oscillation  decreased  as  the  fin  sizes  were  in¬ 
creased;  the  D/16  fins  gave  results  similar  to  those  recorded  for  the  bare  anchor, 
the  D/8  fins  showed  little  improvement  and  the  3D/I6  fins  caused  considerable 
reduction  both  in  amplitude  and  rate  of  onset  of  oscillations.  However,  the  D/A 
fins  set  at  ±45°  gave  a  yet  more  dramatic  reduction;  they  also  increased  the  drag  J 

coefficient  (and  thus  the  power  consumption)  by  40%  relative  to  the  bare  anchor 
and  this  configuration  was  adopted  for  the  fullscale  anchor. 

The  D/4  fins  were  fitted  to  the  fullscale  mixer  which  has  operated  satis¬ 
factorily  from  vibration  and  mixing  considerations  for  several  years.  The  design 
is  accepted  as  the  standard  for  this  class  of  mixer. 

3.1.4  Flow  visualisation.  The  flat-bottomed  mixing  vessel  equipped  with  the 
synchronously  rotating  TV  camera  was  used  to  study  the  vortex  shedding  process. 

The  arm  of  the  anchor  was  simulated  by  a  vertical  cylinder  mounted  from  the  rota¬ 
ting  cross-member.  Flow  visualisation  was  achieved  using  a  dye  tracer  supplied 
from  a  reservoir  on  the  cross-member  through  a  small  bore  pipe  inside  the  cylinder 
and  emerging  through  an  outlet  hole  on  the  downstream  (suction)  side  of  the  : 

cylinder.  The  potassium  permanganate  dye  very  rapidly  discoloured  the  vessel  ! 

contents,  imposing  frustratingly  short  time  limits  on  the  length  of  each  test.  ! 

To  overcome  this,  the  potassium  permanganate  was  mixed  with  dilute  sulphuric  acid  j 

in  the  reservoir,  and  sodium  thiosulphate  solution  added  to  the  water.  By  this  i 

means,  the  dye  trace  remained  extant  for  sufficient  time  to  film  but  was  so  | 

rapidly  decolourised  in  the  vortex  wakes  that  the  vessel  contents  generally 

remained  clear.  j 

The  average  vortex  shedding  frequency  was  determined  by  counting  the 
vortices  as  recorded  on  the  video  tape  over  a  given  time.  The  water  speed  was  1 

measured  using  a  miniature  propeller  meter  mounted  in  the  gap  between  the 

cylinder  and  the  vessel  wall;  the  slip  or  relative  velocity  was  deduced  by  sub-  ’ 

tracting  the  water  speed  from  the  cylinder  speed.  1 

Several  cylinder  speeds  and  gaps  were  covered  and  the  results  are  shown  in  j 

Table  2.  This  confirms  that  the  vortex  shedding  frequency  increases  with  decreas-  >, 

i 
,  > 


ing  gap  as  inferred  from  Che  anchor  rests  in  3.1.).  However,  Che  flow  vis¬ 
ualisation  also  supported  [2,  3)  by  confirming  that  the  vortex  shedding  from  the 
cylinder  surface  near  the  vessel  wall  was  significantly  different  from  the  sur¬ 
face  of  the  cyLinder  furthest  from  the  wall  and  varied  with  G/D.  The  separation 
points  were  not  diametrally  opposite  and  at  times  as  G/D  was  decreased,  vortices 
apparently  were  shed  in  a  mixture  of  alternate  and  symmetric  pairs. 

Table  2:  Apparent  Strouhal  number  as  a  function  of  G/D  -  anchor  arm  and  dip 

tube  tests 


G/D 

S 

Comment 

0. 16 
0.A7 
0.62 
0.97 
:  3.  15 
'  5.58 

0 

0.35 

0.26 

0.206 

0.20A 

0.203 

no  regular  vortex  shedding 
intermittent  shedding 
more  regular  shedding 
regular  shedding 
regular  shedding 
regular  shedding 

3.2  Dip  Tubes 

3.2.1  Plain  dip  tubes  in  a  mixing  vessel.  The  dip  tube  was  tested  at  five 
radial  positions,  G/D  =  5.58,  3.15,  0.79,  0.39  and  0.16;  in  the  tests  the  paddle 
speed  was  increased  gradually  from  zero  until  either  the  end  of  the  tube  began 
to  hit  the  tank  wall,  or  high  sloshing  waves  were  developed  (9l. 


Fig.  A.  Power  spectral  density  (PSD)  recorded  on.  a  plain  dip  tube  for  G/D  =  5.5. 

Fig.  A  shows  a  typical  power  spectrum  of  the  strain  gauge  signals  for  a 
paddle  speed  of  N  =  70  rpm  for  G/D  =  5.58.  At  lower  paddle  speed,  N  =  AO  rpm, 
the  power  spectrum  shows  a  fairly  narrow  band  response  and  the  tube  vibrates  at  a 
frequency  very  close  to  its  still  water  natural  frequency.  Thus,  the  tube  be¬ 
haves  as  a  narrow  band  filter,  responding  to  the  pseudo-random  excitation  caused 
by  turbulence  in  the  tank.  The  strength  and  frequency  of  vortices  being  shed 
along  the  tube  length  depend  on  the  flow  velocity  and  the  diameter  of  the  tube, 
which  is  subjected  to  fluctuating  forces  caused  by  the  change  in  drag  and  lift 
each  time  a  vortex  is  shed.  At  N  =  70  rpm,  the  peak  on  the  left  of  Fig.  A  is 
caused  by  vortex  shedding  and  the  peak  on  the  right  is  the  response  (to  random 
excitation)  of  the  tube  at  its  'natural'  frequency.  As  the  paddle  speed  in¬ 
creases,  so  do  the  tangential  flow  velocity  and  the  frequency  of  vortex 
shedding.  The  two  peaks  finally  coincide,  and  at  N  =  100  rpm,  the  tube  vibrates 
at  one  dominant  frequency  and  the  response  is  fairly  broad  band. 


Fig,  5.  Vortex  shedding  frequencies  and  dominant  response  frequencies  against 
V^  for  the  plain  dip  tube  at  G/D  =5.5. 

Fig.  5  shows  the  variation  of  the  dominant  and  vortex  shedding  frequencies 
with  V  for  G/D  =  5.58.  When  V  is  below  2.2  the  tube  is  excited  by  symmetric 
vortex  shedding  and  vibrates  predominantly  in  the  direction  of  the  flow  (i.e.  tan¬ 
gentially).  At  higher  V  the  symmetric  pattern  breaks  down  and  vortices  are  shed 
alternately  from  either  side  of  the  tube  which  then  oscillates  predominantly  in 
the  cross-flow  direction  (i.e.  radially). 

The  frequency  of  alternate  vortex  shedding  could  be  picked  up  when  the 
Reduced  Velocity  V  was  above  2.2  or  G/D  >  0.39.  The  shedding  frequency  in¬ 
creased  linearly  with  flow  velocity  and  the  corresponding  Strouhal  numbers  for 
G/D  =  5.58,  3.15  and  0.79  were  0.203,  0.204  and  0.236  respectively;  these  results 
are  similar  to  those  recorded  for  the  anchor  agitator. 


Fig.  6.  Amplitude  response  in  the  X  and  Y  directions  as  a  function  of  V  ;  plain 
dip  tube. 
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The  RMS  amplitude  of  the  dip  tube  in  both  X  and  Y  directions  is  plotted  in 
Fig.  6  for  G/D  =  5.58.  For  V  <  2.5  the  amplitude  in  the  X  direction  is  higher 
than  in  the  Y  direction.  The  situation  is  reversed  with  V  >  2.5.  This  is  ana¬ 
logous  to  cylinders  in  two-dimensional  flow  which  oscillate  in-line  with  the  flow 
for  Vf  <  2.5  and  in  the  transverse  direction  for  V  >  3.5  although  these  values 
are  highly  dependent  upon  mass  and  damping  levels  F8) .  The  dip  tube  in  the  mix¬ 
ing  vessel  however,  is  subjected  to  a  different  flow  field;  instead  of  purely 
two-dimensional  flow,  fluid  is  moving  in  a  circular  path  about  the  centre  of  the 
tan.c.  The  tangential  velocity  profile  is  roughly  that  of  a  free  vortex,  hence 
the  dip  tube  is  subjected  to  a  'circular',  shear  flow.  This  velocity  profile  will 
alter  the  points  of  separation  and  the  direction  of  the  resultant  lift  and  drag 
forces.  The  tube,  therefore,  vibrates  at  an  angle,  instead  of  in-line  or  perpen¬ 
dicular  to  the  flow.  As  the  tube  is  moved  near  the  tank  wall,  the  presence  of  a 
solid  boundary  will  again  modify  the  flow  field.  The  angle  between  the  plane  of 
vibration  and  the  X-axis  increased  as  the  gap  G/D  decreased,  being  10°  for  G/D  = 
5.58  and  50°  for  G/D  =  0.16.  The  change  in  direction  may  be  explained  by  the 
change  in  the  front  stagnation  point  and  the  separation  points,  as  shown  in 
Bearman  and  Zdravkovich's  pressure  distribution  measurements  (2). 

The  collected  RMS  amplitudes  of  vibration  are  shown  in  Fig.  7.  There  are 
two  regions  of  amplitude  response  for  G/D  other  than  0.16;  the  amplitude  reaches 
a  peak  in  the  first  region  at  V  »  2.0,  although  the  value  of  V  depends  on  Che 
gap/diameter  ratio  and  is  lowerrfor  smaller  G/D,  consistent  witiri  an  increase  in 
Strouhal  number  as  G/D  is  reduced.  The  peak  amplitude  occurs  when  the  vortex 
shedding  frequency  is  just  under  one  half  the  dominant  frequency.  The  magnitude 
of  the  peak  amplitude  decreases  with  G/D  and  for  G/D  =  0.16  the  proximity  effects 
are  such  as  to  modify  or  suppress  the  vortex  shedding  process  and  the  exciting 
forces  are  insufficient  to  cause  oscillations  in  the  first  amplitude  region. 


Fig.  7.  Collected  RMS  amplitude  response  as  functions  of  V  and  G/D  for  the 
plain  dip  tube. 


After  the  first  maximum,  the  amplitude  of  vibration  drops  to  a  very  small 
value.  When  the  second  critical  velocity  is  reached,  the  vibration  amplitude  in¬ 
creases  very  rapidly.  The  second  maximum,  for  G/D  =  5.58  and  3. 15  occurs  at  about 


V  =  6.0.  The  critical  velocity  for  this  second  amplitude  increase  depends  very 
much  on  G/D.  The  critical  Reduced  Velocity  drops  from  3.9  when  G/D  =  5.58  to 
only  1.9  when  G/D  =  0.16,  as  demonstrated  with  the  anchor  agitator,  although  the 
configurations  and  the  flow  patterns  in  the  two  mixing  vessels  were  quite  diff¬ 
erent.  However,  both  the  dip  tube  and  anchor  results  indicate  that  the  critical 
or  threshold  velocity  is  lowered  when  the  gap  between  the  cylinder  and  the  tank 
wall  is  decreased,  consistent  with  a  corresponding  increase  in  Strouhal  shedding 
frequency. 

The  collected  results  for  dip  tubes  and  anchor  mixer  are  given  in  Fig.  8  as 
a  graph  of  V  plotted  against  G/D. 

3.2.2  Stepped  dip  tube.  In  these  tests  a  stepped  cylinder  of  diameters  9.5  mm 
and  12.7  mm  was  tested  at  a  fixed  clearance  (G/D  =  4.3)  to  examine  the  influence 
of  Che  step  on  subsequent  oscillatory  motion  [10). 


Fig.  8.  Collected  results  from  the  anchor  and  dip  cube  tests;  V  as  a  function 
of  G/D.  rC 

a)  Vorticity  response 

Three  frequencies  could  be  identified  in  the  frequency  spectra.  The  highest 
frequency  is  the  tube  natural  frequency  and  the  two  lower  frequencies  increase 
almost  linearly  with  flow  velocity.  These  latter  two  were  attributed  to  Strouhal 
vortex  shedding  from  the  two  diameters  of  the  tube,  giving  S  =  0.202  and  0.198 
for  the  9.5  ram  and  12.5  mm  diameters  respectively.  Once  the  critical  V  has  been 
reached,  the  various  components  of  frequency  disappear,  and  the  tube  viSrates  at 
one  dominant  frequency,  which  is  itself  a  function  of  (see  Fig.  9). 

b)  Amplitude  response 


Fig.  10  shows  the  amplitude  response  for  the  stepped  dip  tube  which  is  char¬ 
acterised  by  two  large  amplitude  peaks,  not  usually  present  in  tests  with  parallel 
sided  cylinders.  The  first  peak  is  caused  by  Strouhal  vortex  shedding  from  the 
9.7  mm  diameter  portion  of  the  tube  coinciding  with  the  tube  natural  frequency 

and  the  second  is  caused  by  similar  vortex  shedding  from  the  12.7  mm  diameter 

length.  For  a  parallel  sided  tube  the  amplitude  of  oscillation  reaches  a  peak 
and  usually  falls  fairly  rapidly  to  zero.  However,  with  the  stepped  tube,  the 

amplitude  response  is  seen  to  be  much  broader,  extending  over  a  much  wider  V 

range.  The  peak  amplitudes  are  smaller  than  for  parallel  sided  cylinders  of  sim¬ 
ilar  diamecer  although  they  are  still  large  enough  to  cause  problems  in  many  app¬ 
lications. 
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Fig.  9.  Vortex  shedding  frequencies  and  dominant  response  frequencies  against 
velocity  for  the  stepped  dip  tube. 


Fig.  10.  Amplitude  response,  stepped  dip  tube, 
c)  Comment 


It  is  recognised  that  these  results  are  somewhat  restricted  because  the 
phenomena  observed  and  recorded  are  almost  certainly  functions  of  step  size, 
length/diameter  ratio  of  each  step,  and  numbers  of  steps  for  a  given  cylinder 
length.  In  the  limit,  the  steps  may  be  regarded  as  forming  parts  of  a  tapered 
cylinder.  Such  cylinders  are  known  to  oscillate  in  a  number  of  normal  modes, 


with  the  vortex  shedding  'locking-on'  to  different  diameters  as  a  function  of 
velocity  and  mode  number  [11]. 

3.3  Cylinder  Dipping  into  Flowing  Water 

These  tests  were  conducted  using  three  different  cylinders  in  sequence,  dip¬ 
ping  into  a  water  flume  in  which  steady  two-dimensional  flow  could  be  generated. 
The  tests  were  devised  to  investigate  the  similarity  between  the  criteria  govern¬ 
ing  the  excitation  of  oscillations  of  cylinders  dipping  into  water  with  those  de¬ 
termined  from  the  more  conventional  surface  piercing  pile  arrangement  (12). 

3.3.1  Response.  The  results  showed  that  cylinders  dipping  into  water  could  be 
excited  to  oscillate  in-line  and  cross-flow  and  that  the  Reduced  Velocity  range 
over  which  this  motion  occurred  were  similar  to  those  established  from  surface¬ 
piercing  piles. 

Three-dimensional  flow  effects  about  the  end  dipping  into  water  make  it 
difficult  to  compare  amplitudes  of  cylinders  of  equal  Stability  Parameter  K  but 
of  different  diameter.  Maximum  amplitudes  of  the  fully  immersed  cylinders  could 
however  be  predicted  from  the  amplitudes  of  fully  immersed  piles  at  the  same  K  . 
For  fully  immersed  cylinders  or  piles  Kg  is  given  by  1 

K  =  25  (m  +  m  ) 
s  -  a  s 

PD2 

and  the  corresponding  limit  amplitude  of  oscillation  (A)  is: 

A  =  (2  -  vC/2)D  cross  flow 
s 

A  =  (0.2  -  /r/5)D  in-line 
s 

Thus,  the  maximum  amplitudes  of  fully  immersed  cylinders  will  not  exceed  i0.2 
diameters  in-line  and  i2.0  diameters  cross-flow. 

3.3.2  Added  mass.  The  added  mass  per  unit  length  of  an  infinitely  long  cylinder 
oscillating  in  water  is  ideally  equal  to  the  mass  of  fluid  displaced  by  the 
cylinder  outer  diameter.  For  piles,  the  ideal  added  mass  function  can  be  assumed 
for  all  depths  of  immersion  greater  than  about  ten  diameters.  In  this  exercise 
with  cylinders  dipping  into  water,  the  added  mass  coefficient  was  demonstrated 

to  decrease  rapidly  for  very  shallow  depths  of  immersion.  For  all  practical 
purposes  the  ideal  solution  can  be  used  for  all  depths  of  immersion  greater  than 
about  five  diameters. 

It.  DISCUSSION  OF  RESULTS 

The  various  sets  of  tests  with  the  anchor  mixer  and  dip  tubes  gave  relatively 
consistent  results.  They  also  demonstrated  how  these  geometrical  arrangements  are 
influenced  by  vortex  shedding  and  how  estimates  can  be  made  of  potential  problems 
prior  to  installation. 

Specifically,  the  following  points  were  noted: 

a)  The  Strouhal  vortex  shedding  frequency  of  a  cylinder  near  a  solid  boundary 
in  linear  or  rotating  flow  can  be  determined  by  considering  the  local  relative 
flow  past  the  cylindrical  member.  For  large  gaps  (G/D  =  it)  the  Strouhal  number 
is  approximately  equal  to  the  isolated  cylinder  value  of  S  =  0.198.  At  smaller 
gaps,  the  Strouhal  number  increases  rapidly,  reaching  S  =  0.260  at  G/D  =  0.62. 
Regular  shedding  ceases  for  G/D  less  than  about  0.5. 

b)  The  plain  dip  tube  was  excited  to  oscillate  for  G/D  =  0.16,  and  the  anchor 
excited  to  oscillate  for  G/D  =  0.07,  confirming  that  vortex  shedding  does  occur 
from  elastic  cylinders  at  these  very  small  clearances-  from  solid  boundaries.  The 
results  thus  show  considerable  difference  from  those  recorded  with  rigid  cylinders 
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for  which  arrangement  vortex  shedding  ceased  at  G/D  ~  0.5.  However,  Che  flow 
visualisation  studies  with  a  rigid  rotating  anchor  arm  gave  qualified  support  to 
the  general  observations  of  the  rigid  cylinder  work  (see  a)  above). 


c)  The  Critical  Reduced  Velocity  (V  )  at  which  large  amplitudes  of  dip  tubes 
and  the  anchor  were  excited  is  a  function  of  G/D  (see  Fig.  8).  For  an  isolated 
cylinder,  is  approximately  5;  however,  the  tests  described  here  showed  that 
Vrc  can  be  as  low  as  1.5  for  G/D  =  0.07.  In  the  one  test  in  which  Reynolds 
number  was  changed  from  23,000  to  400  at  a  fixed  G/D,  the  critical  V  remained 
unaltered.  For  stepped  dip  tubes  the  smaller  diameter  should  be  useS  for  cal¬ 
culating  the  lower  critical  V  . 

rc 

d)  Maximum  amplitudes  of  oscillation  can  be  predicted  conservatively  from  iso¬ 
lated  cylinder  data  at  equal  values  of  Stability  Parameter  K  .  Maximum  amplitudes 
of  isolated  cylinders  coincide  with  6  <  V  <8.  As  G/D  is  reduced,  the  maximum 
amplitudes  theoretically  possible  in  the  radial  (cross -flow)  direction  may  equal 
or  exceed  the  gap;  the  cylinder  will  then  either  strike  the  side  of  the  vessel  or 
oscillate  at  some  angle  intermediate  between  the  radial  and  cross-flow  directions. 

e)  The  vortex  excited  oscillations  of  the  anchor  mixer  in  the  radial  direction 
could  be  suppressed  by  fitting  two  fins  to  each  arm  projecting  for  D/4  and  mount¬ 
ed  at  i45°  from  the  front  stagnation  point.  The  fins  increased  the  drag  co¬ 
efficient  of  the  arms  and  thus  improved  the  mixing  efficiency  of  the  anchor.  It 
is  probable  that  this  expedient  could  be  adopted  for  the  dip  tubes  also. 

f)  The  added  mass  coefficient  (C  )  is  approximately  unity  for  G/D  larger  than  4; 
C  increases  with  decreasing  G/D  and  was  approximately  1.5  for  G/D  =  0.4  (for 
both  the  anchor  and  the  dip  tubes). 

5 .  REFERENCES 

1.  Rayleigh,  Lord  'Aeolian  Tones'  Philosophical  Magazine  29.  pp.  433- 

444,  195  (1915). 

2.  Bearman,  P.W.  and  "Flow  around  a  circular  cylinder  near  a  plant  bound- 

Zdravkovich,  M.M.  ary".  J.  Fluid  Mechanics,  (1978). 

3.  Goktun,  S.  "The  drag  and  lift  characteristics  of  a  cylinder  placed 

near  a  plane  surface".  Aeronautical  Quarterly  pp.  305- 
321  (1975). 

4.  Buresti,  G.  "Vortex  shedding  from  smooch  and  roughened  cylinders  in 

cross-flow  near  a  plane  surface".  Aeronautical  Quart¬ 
erly  pp.  305-321  ( 1979). 

5.  Roshko,  A.  et  al.  "Flow  forces  on  a  cylinder  near  a  wall  or  near  another 

cylinder".  Proc.  2nd  US  Conf,  Wind  Res.  Eng.  Fort 
Collins,  Paper  IV-15  (1975). 

6.  Sarpkaya,  T.  "In-line  and  transverse  forces  on  cylinders  near  a  wall 

in  oscillatory  flow  at  high  Reynolds  numbers".  Proc. 
Offshore  Technology  Conference,  USA.  Paper  OTC  2898 
(1977). 


7.  King,  R.  and 
Jones,  R.J. 


8.  King,  R. 


"Flow  Induced  Vibrations  of  an  anchor  agitator".  Sym¬ 
posium  on  Practical  Experiences  with  Flow-Induced  Vib¬ 
rations  ,  Karlsruhe  W.  Germany.  Paper  B15  pp.  323-332. 
Proceedings  published  by  Springer-Verlag,  Berlin  (1979). 


"Hydroelastic  Oscillations  of  marine  Piles  -  a  comparison 
of  Model  and  Fullscale  Tests".  BHRA  Report  RR  1254 
(1974). 


9.  Yeung,  H.C.  "Vibration  of  Plain  Dip  Tubes  in  Mixing  Vessels".  BHRA 

Report  RR  1668  (1981). 

10.  Yeung,  H.C.  "Flow-Induced  Vibrations  of  Plain  and  Stepped  Dip  Tubes 

in  an  Unbaffled  Mechanically  Agitated  Mixing  Vessel". 
Fourth  European  Conference  on  Mixing,  Leeuwenhurst ,  The 
Netherlands,  Paper  K2,  pp.  371-382.  Proceedings  pub¬ 
lished  by  BHRA  (1982). 

11.  Walshe,  D.E.  and  "The  Aerodynamic  Investigation  for  a  Stack  for  Canada- 
Whitbread,  R.E.  India  Reactor  Project".  NPL  Aero  Report  395  (1959). 

12.  King,  R.  "Vortex  Excited  Oscillations  of  a  Cylinder  Dipping  into 


Water".  BHRA  Report  1460  (1978). 

LIST  OF  SYMBOLS 

A  Amplitude  of  oscillations  (zero  to  peak)  (m) 

C  Added  mass  coefficient  (-) 

m 

D  Representative  outer  diameter  of  cylinder  (m) 

f  Natural  frequency  of  cylinder  in  still  fluid  (Hz) 

f  Frequency  of  vortex  shedding  (Hz) 

G  Gap  between  cylinder  surface  and  vessel  wall  (m) 

Ks  Stability  Parameter  =  2  me6/pDs  (-) 

Added  mass/unit  length  (kg/m) 

mg  Equivalent  mass/unit  length  (kg/m) 

n>s  Structural  mass/unit  length  (kg/m) 

N  Rotational  speed  of  mixer  (rpm) 

5  Strouhal  Number  =  M)/V  (-) 

V,  Vf  Representative  local  velocity  or  tangential  velocity  (cm/s) 

V  Reduced  velocity  (V/F  D)  (-) 

r  n 

V  Critical  Reduced  Velocity  (i.e.  V  at  onset  of  unacceptable 

rc  oscillations)  r  (-) 

6  Damping  :  logarithmic  decrement  (-) 

P  Fluid  denisty  (kg/m3) 
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ABSTRACT 

lu  1974,  in  parallel  with  the  spreading  of  cooling  towers  and  their  increa¬ 
sing  height,  Elcctricitfi  de  Frahce  (E.D.F.),  initiated  a  wide  programme  of 
experimental  and  numerical  studies  about  the  behaviour  of  large  cooling  towers. 

The  objectives  of  this  programme  were  to  provide  E.D.F.  with  design  criteria 
adapted  to  the  new  generation  of  cooling  towers,  after  the  validity  of  the 
assumptions  used  for  small  size  structures,  or  structures  with  different  shapes 
(chimneys),  has  been  systematically  questionned. 

This  programme  included  three  components  :  (i)  the  determination  of  loadings, 
(ii)  the  static  response  of  the  Cower,  (iii)  the  dynamic  response  of  the  tower. 

Many  results  arc  presented,  some  of  them  somehow  unexpected.  The  consequen¬ 
ces  for  the  design  of  the  current  E.D.F.  cooling  towers  are  then  discussed. 

I.  INTRODUCTION 

The  safety  margin  factor  concept  plays  an  essential  part  now  in  the  design 
of  modern  structures.  This  margin  helps  to  counterbalance  the  imperfections  of 
numerical  modelling,  without  modifying  the  nature  of  usually  applied  building 
codes.  Generally,  the  less  a  phenomenon  is  known  by  theoretician',  the  wider 
must  be  Che  safety  margin  chosen  by  the  designer  to  deal  with  the  phenomenon 
in  question. 

As  far  as  cooling  towers  are  concerned,  safety  margins  are  proposed  in  the 
E.D.F.  technical  specifications  which  should  be  applied  when  the  various  pheno¬ 
mena,  that  may  result  in  failures  or  shorten  the  lifetime  of  the  towers,  are 
taken  into  account.  These  safety  margins  have  been  derived  from  the  results 
obtained  in  the  framework  of  a  research  program,  launched  in  1979,  concerning 
the  feao.jility  and  behaviour  of  large  cooling  towers. 

The  main  features  of  this  program,  founded  on  experimental  "in  situ"  studies, 
on  wind-tunnel  tests  and  on  the  development  of  numerical  means  are  described  in 
this  paper  and  the  main  results  obtained  from  1976  to  1983  are  presented. 


2.  AVAILABLE  MEANS 


2.1.  Available  means  on  site  ;  chosen  sites  and  configurations 

Four  cooling  towers  have  been  instrumented  in  three  different  sites.  The 
sites  and  the  towers  have  been  chosen  in  such  a  way  that  at  least  one  of  the 
three  following  parameters  :  height,  surface  condition,  configuration  -  that  may 
play  an  important  part  in  the  wind-shell  interaction-varies  from  one  site  to 
another  and  from  one  tower  to  another.  The  tower  erection  schedule  and  the 
requirement  of  a  windy  site  are  two  other  limiting  factors  in  these  choices. 

The  geometry  and  configurations  of  the1  instrumented  towers  are  given  in 
tables  1  and  2.  These  studies  and  the  studies  conducted  in  other  countries 
are  compared  in  figure  ) . 


SITE 

Tower  Geometry 

Meteo 

mast 

Height 

(m) 

Number  of  channels 

Pressure 

Wind 

Tempera¬ 

ture 

Height 

(m) 

Neck 

(m) 

D 

Base 

pe 

pi 

DP= 

PP-Pi 

Speed 

Direc¬ 

tion 

1  GARDANNE 

j()  975- 1978I 

123 

50 

84 

140 

44 

3 

3 

3 

1 

j  BUGEY 
1(1978-1981) 

128 

61 

108 

140 

68 

68 

68 

6 

3 

2 

CRUAS 
!  (1981) 

155 

78 

136 

160 

76 

76 

76 

8 

3 

3 

Table  I  :  Towers 'geometry  and  instrumentation. 


Site 

Roughness 

Configuration 

GARDANNE 

SMOOTH 

V  1  tower 

1  BUGEY 

0.08  m 

0.03  m  )«— *! 

J - L7-*  1 - L 

160  ribs 

rS\>  -5  Dbase  . 

Lmzp 

(7\  1  instrumented  i 

Vw/  tower  ♦ 

CRUAS 

L— 0  — 

r  |  -T-  r-  0.08  m 

J  j  0.08  ro  J 

' *5  Pbase  | 

v  i 

*"  2  instrumented 

“  ~  towers  i 

72  ribs 

Table  2  :  Towers 'roughness  and  configuration. 

2.2.  Instruments  used  on  site. 

Two  types  of  measurements  are  systematically  used  in  the  in-situ  tests  : 
pressure  measurements  on  the  cooling  tower  shell  end  wind  measurements  recorded 
upwind  on  a  meteorological  mast  of  at  least  the  same  height  as  the  tower. 

At  any  point  on  the  shell  three  parameters  can  be  measured  : 

the  instantaneous  internal  pressure  field  P.  (t) , 

-  the  instantaneous  external  pressure  field  P1  (t), 

the  instantaneous  pressure  difference  DP  (tf  =  P  (t)  -  P.  (t) . 
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S  :  SCHMCKAl'SEN  ( 1 )  j 

MC  :  MARTIN'S  CREEK  (2)  ; 

K  :  WEISUEILER  (3)  ! 

G  :  GARDANNE 

B  :  BL'GEY  (4) 

C  :  CRl'AS  ! 


IMlMIIWli  ;i 
P  - □ 


Fig.  I  :  Conparison  between 
"in-si tu"  tests. 


Fig.  2  :  Aeroelastie  nodel  (one  half),  with 
weight  simulation. 


with  transducer  boxes  incorporating  a  differential  pressure  transducer  that  may 
be  calibrated  from  the  ground  before  every  recording.  A  monitoring  system, 
automatically  controlled  by  a  computer  located  on  site,  is  used  for  the  digital 
acquisition  of  simultaneous  recordings  of  all  the  channels  (pressure,  wind  speed 
and  direction)  over  5  hours.  The  various  characteristics  of  the  instrumentation 
provided  on  each  site  are  described  in  the  table  1. 

Moreover,  natural  frequencies  are  measured  on  the  cooling  tower  with 
servo-accelerometers  ;  the  excitation  imparted  by  wind  fluctuations  is  used. 

2.3.  Laboratory  means. 

The  tests  conducted  in  the  laboratory  or  wind-tunnel  serve  to  determine  the 
pressure  loads  applied  on  the  shell,  the  structure  natural  frequencies  and  the 
stress  field  and  to  study  the  tower  instability. 

Assessment_of_the_gressure_loads. Pressure  measurements  are  conducted  on  rigid  mo¬ 
dels  fitted  with  pressure  taps  on  their  outer  and  inner  surfaces.  These  are 
performed  in  the  wind  tunnels  at  the  CSTB  "Centre  Scientifique  et  Technique  du 
Batiment"  in  Nantes  and  at  the  V.K.I.  "Von  Karman  Institude"  in  Brussels.  The 
test  section  is  4  m  wide,  3.5  m  high  at  the  C.S.T.B.  and  3  m  wide,  2  m 
high  at  the  V.K.I.  In  both  wind  tunnels  the  atmospheric  boundary  layer  is 
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simulated  but  the  Reynolds  number  cannot  be  satisfied  (roughness  elements  glued 
on  the  shell  surface  artificially  reproduce  hypercritical  flow  conditions). 

With  regard  to  the  tests  on  tower  groups,  the  streamlines  on  the  shell  surface 
of  the  downwind  tower  are  visualized  on  the  model  itself,  which  is  covered 
with  a  special  coating. 

Assessment_of_the_stress_f ields_and_natural_freguencies  .  Aeroelastic  models 
of  17400  scale  ,  made  of  gravity-fed,,  cold-cast  epoxy  resin  are  used  for  the 
tests. 

Stresses  are  measured  in  the  same  wind  tunnels  on  models  fitted  with  inner 
and  outer  strain  gauges.  Conventional  or  semi-conductor  strain  gauges  are  used  in 
which  temperature  compensation  is  provided  when  temperature  control  is  inadequate 
in  the  wind  tunnel.  At  the  laboratory,  the  modal  analysis  of  models  subjected  to 
harmonic  vibration  is  based  on  both  conventional  accelerometer  techniques  and 
holographic  interferometry  which  permits  visualization  of  eigenmodes. 

•  Aeroelastic  models  which  are  to  undergo  buckling  tests  are  also 
equipped  with  a  special  device  used  to  simulate  the  self-weight  which  is  made  up 
of  more  than  500-weights  of  100  g  hanging  on  to  wires  glued  all  over  the  inner 
surface  of  the  shell  (figure  2).  The  failure  tests  are  performed  in  the  ONERA 
"Office  National  d'Etudes  et  de  Recherches  Airospatiales" .pressurized  wind  tunnel 
FI  in  Toulouse,  which  is  maintained  at  a  4  bar  pressure.  The  test;  section  is 
4.5  m  wide  and  3.5  m  high.  High  speed  films  are  made  at  a  speed  of  500  pictures 
per  second  to  observe  the  collapse  phenomenon. 

Numerical _ means.  Several  finite-element  codes  have  been  used  for  the  numerical 

computations  in  order  to  perform  modal  analysis,  Eulerian  buckling  analysis,  and 
to  determine  the  stress  fields  under  static  loadings.  These  codes  are  the  three, 
dimensional  ASKA  code,  and  two  axisymmetric  codes  with  five  degrees  of  freedom 
which  were  developed  at  EDF  :  the  so-called  COQREV  and  CODEM  codes. 

3.  WIND-LOADINGS. 

g 

Beside  the  Reynolds  number  -  always  above  10  -  the  characteristics  of  the 

pressure  field  are  determined  by  two  phenomena  : 

-  the  flow  separation  at  the  top  of  the  tower  partly  determines  the  values 

of  the  mean  pressure  inside  the  tower,  as  well  as  outside  in  the  wake  area, 
since  the  ratio  length  over  width  of  the  tower,  is  not  large. 

As  a  result,  the  mean  load  is  equal  to  zero  all  over  the  part  of  the  shell 
which  is  in  the  wake, 

-  the  large  eddies  within  the  atmospheric  turbulence,  with  a  size  similar  to 
that  of  the  shell,  determine  the  overall  characteristics  of  the  fluctuating 
pressure  field  around  the  tower  and  together  with  the  three-dimensional 
character  of  the  tower,  hinder  the  formation  of  Von  Karman  vortex  streets. 

From  one  tower  to  another,  the  differences  observed  as  regards  wind-induced 
pressure  fields  will  be  minor  and  mainly  due  to  : 

-  the  changes  in  height,  lessened  by  the  constant  value  of  H/D, 

-  the  changes  in  surface  condition(  although  roughness  remains  small), 

-  the  environment  and  especially  the  downwind  towers. 

On  the  contrary,  when  Che  structure  is  in  the  wake  of  a  cooling  tower  located 
upwind, the  flows  to  which  it  is  exposed  have  not  the  same  characteristics  as  the 
wind,  and  very  important  perturbations  are  observed  in  that  case  in  the  induced 
pressure  field. 
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3.1.  The  isolated  tower. 


The  pressure  field  on  the  surface  of  an  isolated  tower  may  be  divided  into 
four  areas.  These  four  areas  are  shown  in  figures  3  and  A  (for  ribbed  cooling 
towers  (table  2))  with  the  "in-situ"  mean  pressure  values,  the  standard  deviation 
and  the  spectrum.  These  areas  (or  zones)  correspond  to  : 

(i)  The  upwind  area  (0-70°)  :  the  mean  pressure  varies  with  height  as  the  mean 
wind  and  the  fluctuating  pressure  has  the  same  characteristics  as  the 
atmospheric  turbulence  (constant  standard  deviation).  The  fluctuation 
frequency  range  is  however  less  wide. 

(ii)  The  minimum  pressure  and  boundary  layer  separation  area  (70-95°)  :  because 
the  vortex  shedding  is  well-correlated  vertically,  periodic  fluctuations 
are  observed  in  this  area  and  measurements  are  quite  dispersed  in  the 
minimum  pressure  area. 

(iii)  The  post-separation  area  (95-125°)  :  this  area,  which  is  not  readily 
affected  by  upwind  flow  parameters,  is  characterized  by  pressure 
fluctuations  at  relatively  high  frequencies. 

(iv)  The  wake  area  (125-180°). 

Note  that  the  maximum  pressures  are  recorded  in  the  neck  area  of  the  tower. 

3.2.  Influence  factors. 

The  following  parameters  have  been  found  to  influence  the  results. 

Roughness.  On  the  site,  the  surface  roughness  created  by  the  ribs  always  remains 
slight.  No  important  impact  is  therefore  observed  as  the  minimum  of  pressure  is 
masked  by  the  measurement  dispersion  and  its  favourable  effect  counteracted 
by  the  pressure  gradient  increase  in  the  separation  area. 

In  the  wind  tunnel,  it  is  only  when  roughness  elements  are  introduced  all 
over  the  upwind  part  of  the  tower  that  real  loads  can  be  reproduced  (figure  5). 

SSiS!)£_iD£SSSS£‘When  height  was  increased  from  128  m  (Bugey)  to  160  m  (Cruas), 
no  perceptible  difference  was  noticed  in  the  pressure  fields  :  only  the  wind 
speed  that  must  be  taken  into  account  in  the  design  is  increased. 

Pr esence_o£ _tower s_downwind .  When  towers  are  located  downwind,  the  pressure  in 
the  wake  varies  (decreases)  and  a  slight  decrease  in  the  pressure  minima  is 
observed. 

^S£SE§££i2S•  Interaction  phenomena  can  be  shown  by  plotting  the  deflexion  of 
the  stagnation  point  as  a  function  of  the  respective  position  of  the  towers 
(figure  6) . 

There  are  two  types  of  interaction  :  (i)  a  strong  interaction  (area  A,  fi¬ 
gure  6),  determined  by  Che  angle  between  the  axis  of  the  towers  and  the  mean 
direction  of  the  wind,  (ii)  a  slight  interaction  (area  B,  figure  6),  determined 
by  the  distance. 

In  both  cases,  but  to  a  lesser  degree  when  the  interaction  is  slight,  a  very 
important  increase  in  the  induced  pressure  fluctuations  can  be  observed  on  the 
downwind  tower  and  the  pressure  field  is  noticed  to  be  asymmetrical. 

As  a  result,  dynamical  stresses  in  the  shell  increase  greatly  (§  5.1.). 
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zone  number 


Stagnation  point  .  Separation  (zone  2) 

Maximum  suction  _ .After  separation  (zone  3) 

Wake  (zone  A) 


Deviation  of  Che  stagnation  point  of  the  downwind  tower. 


kCp  -  (p(«)  -  p(o))/-j/A'2 


m-situ  Model  1/40C  Model  1/40C  Model  1  /HOC 

Bugev  Onera  CSTB _ I  VKT-Crnas 

height  of  the  tower 

128  m  505  mm  505  mm  387  mm 
atmospheric  boundary  layer 


not 

simulated 


simulated  simulated 


Reynolds  number 

|  4.3  106  |  3.5  10s  5.3  105 

Roughness 


No  RIBS 


GRANULAR 


8cm  thick  SMOOl'H  .5  mm  thick  500  /an 


-  3cm  wide 

angular 
spacing  : 
6,,)  2.25° 


10  mm  wide  along  55 

angular  from  the 

spacing: 5°  stagnation 
point 


Fig.  5.  Comparison  of  pressure  measurements  around  cooling  towers  (neck  level) 


«'r0I^2o< 


Fig. 6.  Strong  interaction  (zone  A),  and  weak  interaction(zone  B) 


3.3.  Analytical  model. 


The  proposed  model  applies  only  Co  an  isolated  tower.  For  the  mean  pressure 
field,  we  have  : 


Pi  (0, z)  =  Pi  (z)  «  Ps 

DP  (0,  z)  ■»  Pe  (0, z)  -  Pi (z)  »  1/2  p  y  (0,z)- 

h'  1/2  JV* 

where  :  y(9,z)  =  A(z)  +  B(z)  [sin  (O.C(z)]  E^zHs  independent  of  Reynolds  number 

and  wind  characteristics.. 


with  :  Pi,  Pe,  Ps  :  internal,  external  and  wake  pressure. 
P  :  air  mass  density. 

V^:  wind  speed  at  top  level. 

A,B,C,E  :  are  linear  functions  of  z. 


For  the  fluctuating  field,  we  have  : 

op  {9,2.)  =  K  (9)  x  pV(z)  <>v(z) 

where  K {0)  assumes  the  values  1.3,  1.5,  0.85  and  0.5  in  the  four  zones,  at 

the  neck  in  Bugey,  with  : 

a p  and  a  :  standard  deviation  of  pressure  and  wind  speed. 

V  (z)  :  wind  speed  at  the  z-level. 

and  for  the  power  spectral  density  of  the  pressure  Spp  : 


f.Spp  (0,z,f) 
2 


.  /f-  D(z), 
8  (—v(Tr) 


op  (0,  z) 

with  :  D  (z)  :  tower  diameter,  and  g  shown  is  figure  7. 


Fig.  7.  Dimensionless  pressure  power  spectral  density  (left  and  bottom  scales) 

Dimensionless  natural  frequency  versus  wind  speed  (bottom  and  right 
scales).  (same  legend  as  fig. A). 
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A  THE  STRUCTURE. 


The  tower  nodal  analysis  program  includes  about  twenty  full-scale  tests  on 
five  different  sites,  a  dozen  tests  on  aeroelastic  models  and  a  systematic 
computation  for  all  towers. 

The  first  eigenmodes  correspond  to  mode  shapes  exhibiting  two  or  three  nodes 
along  the  generatrix,  according  to  the  type  of  upper  ring  provided,  and  general^ 
A  to  5  loops  in  the  circumferential  direction  (mode  shape  of  the  type  cosn  0  , 
n  =  A  or  5).  Eield  measurements  made  on  cooling  towers  12A-165  in  high  and 
0.18-0.21  m  thick  at  the  neck  provide  values  of  the  first  natural  frequency  of 
the  completed  tower,  which  ranges  from  0.82  to  1.27  Hz. 

Some  quantitative  data  concerning  the  influence  of  several  parameters  on  the 
tower  first  natural  frequency  can  be  derived  from  the  study. 


Upper  ring  (Cruas) 

+  1A  % 

Slip  forms  (jumping  beams) 

-  A  % 

Lower  part  reinforcement 

Slight  for  V  shaped  diagonal 
support  columns,  strong  for  X 
shaped  diagonal  support  columns. 

Self  weight 

-  3  Z 

Concrete  hardening 
(checked  over  time) 

+  1/100  Hz  in  the  first  four  inontls 
Stable  after  one  year. 

Poisson's  ratio 

Variation  below  that  of 
the  (l-v2)  -1/2  law 

Table  3  :  Variation  of  the  first  natural  frequency  with  different  parameters 

The  effect  of  the  upper  ring  is  determined  from  field  measurements  made 
before  and  after  the  ring  was  built  (the  result  was  corrected  to  counterbalance 
the  influence  of  the  slip  forms).  The  impact  of  additionnal  stiffening  rings  was 
tested  by  computation  and  on  aeroelastic  models.  The  impact  of  a  ring  in  the 
lower  part  of  the  tower  depends  appreciably  on  the  nature  and  flexibility  of  the 
support  structures. 

Rings  with  cross  sections  of  a  convet  t::onal  type,  when  installed  in  places 
where  the  two  loops  of  the  first  mode  are  recorded,  contribute  to  increase  the 
first  two  frequencies  up  to  the  level  of  the  third. 

The  Poisson's  ratio  of  the  shell  has  a  negligible  influence  on  the  first 
natural  frequency.  For  the  modes  in  which  membrane  energy  is  predominant  (less 
circumferential  harmonic  waves  chan  with  lowest  frequencies),  an  increase  in 
the  Poisson's  ratio  results  in  a  slight  decrease  in  the  frequency.  The  opposite 
effect  is  obtained  for  modes  in  which  bendigg  prevails  and,  when  loops  are 
numerous,  this  effect  approaches  the  (1  -  v  )  “  1/2  law  which  applies  to  pure 
bending  modes. 

The  ground  elasticity  in  the  vertical  direction  which  has  been  demonstrated 
to  prevail  over  horizontal  and  rotatory  elasticities,  results  in  a  small  decrease 
in  the  first  natural  frequency  for  hard  soils  :  less  than  a  A  %  decrease  for  soils 
with  a  vertical  elasticity  coefficient  above  20  bars/cm,  but  17  %  for  soils  with 
an  elasticity  below  2  bars/cm. 

The  effect  seems  more  pronounced  on  modes  with  few  circumferential  loops. 
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Fig.  8.  Variation  of  the  first 
natural  frequency. 


Fig.  9.  Mode  shape  shown  by 

holographic  interferometry. 


5.  STUDY  OF  FAILURE  INDUCING  PHENOMENA. 
5.1.  Shell  vibration. 


To  study  the  shell  vibration  as  a  function  of  tower  configurations,  aeroe- 
lastic  models  fitted  with  strain  gauges  (§  2.2.)  were  placed  in  the  boundary- 
layer  wind  tunnels  at  the  C.S.T.B.  in  Nantes. 


§£E£2§.JiSid_charact eristics.  (i)  When  the  tower  stands  alone,  the  stress  field 
is  symmetrical.  Static  meridional  stresses  have  the  highest  amplitude  and  they 
develop  around  the  shell  in  the  same  way  as  the  static  pressure  field.  Circumfe¬ 
rential  stresses  remain  small  (figure  10) .  Maximum  static  stresses  are  not 
influenced  by  the  presence  of  upper  rings  or  lintels.  Dynamic  stresses  remain 
small  at  usual  wind  speeds  and  are  not  very  likely  to  induce  the  shell  vibration 
at  its  eigenmodes.  The  dynamic  component  increases  with  the  wind  speed  and  can 
become  significant  in  the  azimuth  direction. (ii)  When  the  tower  stands  among 
a  group  of  towers,  a  double  amplification  of  the  stress  field  is  observed  (see 
figure  11). 


A  static  amplification  due  to  accelerated  flow  areas  which  results  in  a 
significant assymmetry  and  high  local  maximum  stresses. 

-  A  dynamic  one,  always  significant,  can  produce  stress  levels  3-6  times 
as  high  as  those  recorded  in  an  isolated  tower. 

This  amplification,  though  always  significant,  varies  with  the  configuration 
of  the  towers  grouping.  It  contributes  to  vibration  induced  fatigue  of  the  veil. 
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D^namic.ef f ecC_modelling_and_incorgoratj.on.  According  to  their  frequency  range, 
pressure  fluctuations  acting  upon  the  shell  are  known  to  produce  either  quasi¬ 
static  or  resonant  stresses  (figure  11), 

-  Quasi-static  stresses  are  associated  with  slow  displacements  and  are 
undergone  by  the  shell  as  additiona^static  stresses. 

Like  static  stresses,  they  vary  as  V  . 

-  Resonant  stresses,  which  are  stronglygamplif ied  when  the  tower  vibrates 
at  its  natural  frequencies,  vary  as  V°  but  are  equal  to  zero  at  usual 
wind  speeds. 

To  take  these  various  stresses  into  account,  maximum  10  second  values  of  the 
stress  a  (0,z,  t)  induced  in  the  shell  over  a  given  time  can  be  considered. 
uMAX  =  MAX  (uMAX  (P,t))  where  MAX  is  the  maximum  value  over  the  shell  and 
P  t  P 

MAX  is  the  maximum  value  in  time, 
t 

When  the  tower  is  not  subjected  to  wind  fluctuations,  the  maximum  value 
of  the  stress  equals  the  maximum  static  stress  :  the  dynamic  amplification  factor 
is  1.  _ 

a  MAX  =  a  MAX 
P 

When  the  tower  is  isolated  and  subjected  to  wind  fluctuations,  dynamic 
components  in  the  stress  modify  and  increase  this  maximum  value.  This  amplifi¬ 
cation  can  be  written  as  follows  : 

a  max  =  (1  +  (gQS  -  1)  g_)  a  max  =  G.  IT  max 
K  P  P 

Where  gQS  and  gR  are  the  quasi-static  and  resonant  amplification  coefficients 
respectively.  They  depend  on  the  stress  direction. 

gQS  does  not  depend  on  che  wind  speed  and  its  value  is  of  the  order  of  1.3. 

gR  is  highly  dependent  on  the  wind  speed  and  is  equal  to  1  at  low  wind 
speed.  For  instance  : 

V  =  25  m/sec  G(Z)  =1.27  G (0)  =  1.33 

V  =  50  m/sec  G(Z)  =  1.31  G(0)  =  3.13. 

When  the  tower  stands  among  a  group  of  towers,  an  overall  amplification 
coefficient  is  defined  in  the  same  way  : 

<rMAX  =  1  ’  “MAX  ^solaCe^)  =  K  x  G  x  <F  x  (isolated). 

K  is  a  static  amplification  factor  accounting  for  the  upwind  flow  accelera¬ 
tion  and  for  separation  areas.  G  is  Che  dynamic  amplification  factor  as  defined 
above.  Both  factors  are  highly  dependent  on  the  configuration.  Table  (4) 
summarizes  some  values  of  G,  K  and  I. 


Configuration 

Isolated 

0°  1.5  D 

15°  1.5  D 

15°  3  D 

Amplification 

factor 

K 

G 

I 

K 

C 

I 

K 

G 

I 

K 

G 

I 

Meridian 

1 

1.27 

1.27 

0.5 

1.6 

0.8 

1.5 

1 .38' 

2.07 

1.2 

1.41 

1.69 

Circumferen¬ 

tial 

1 

1.54 

1.54 

1 

1.98 

1.98 

2.2 

1.94 

4.27 

1.9 

1.94 

3.69 

Table  4.  Tensile  stress  amplification  in  case  of  interaction 
for  wind  speed  below  25  m/s. 

K,  G,  X  :  static,  dynamic  and  total  factors. 
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frequency  vnz; 


Meridian  stress  at  0° 


Circumferential  stress  at  0° 


(frequencies  at  maxima  :  127  Hz,  136  Hz,  168  Hz). 

Fig.  11.  Stress  spectrum,  recorded  on  aeroelastic  model. 
Interaction  :  L  =  1 .5  D 


5.2.  Instability. 


in  «  n  b  •  ■  by  maklnS  failure  tests  on  models  placed 

ore Cisflv  15  t0  study  the  static  buckling  of  the  tower  by 

precisely  modelling  the  geometry  and  the  vind+veight  loading  and  to  obtain 
eference  values  against  which  to  validate  numerical  models. 


The  atmospheric  boundary  layer  is  not  modelled  and  the  upwind  turbulence 
level  is  reduced  to  a  minimum  (<0. 1  7.)  in  order  to  emphasize  static  buckling  as 
opposed  to  other  failure  modes  (fatigue  failure...). 


Results  are  obtained  in  terms  of  loadings  leading  to  the  model  failure, 
and  the  impact  on  critical  loadings  of  reinforcements  and  tower  configuration 
is  determined. 


Table  5.  Experimental  critical  loads. 

qcr  :  critical  dynamic  pressure 

Ps  :  structure  mass  density 

(simulated) 

E  :  Young's  modulus 

H  :  height  of  the  tower 

g  :  gravity  acceleration. 

Normalized 
experimental 
critical  load 

Weight 

t's  gH 

Wind 

^cr 

E 

E 

Isolated  tower 

Reference  tower 

1.17x10"^ 

llxlO-7 

Tower  with  wide  lintel 

II 

llxlO-7 

Tower  with  2  additionnal  rings 

II 

12xlO"7 

Tower  with  half  weight 

S.85xi0"5 

97xl0~8 

Tower  with  reduced  lintel 

1 . 17x10”** 

65x1 0-8 

Tower  with  reduced  lintel  and  no  weight 

0 

50x1 0~8 

Tower  with  reduced  lintel  and  without 
upper  nn« 

1 . 17x10“^ 

59xl0-8 

Interac¬ 

tion 

Reference  tower  :  0°  1.5  D 

II 

14x10-7 

Reference  tower  :15°  1.5  D 

II 

96x1 0“8 

Reference  tower  :15°  3  D 

II 

94x1 0-8 

A  numerical  study  must  be  made  prior  to  applying  these  results  to  real 
cooling  towers.  As  a  matter  of  fact,  direct  extrapolation  to  full-scale  struc¬ 
tures  is  difficult  since  the  laws  governing  the  behaviour  of  reinforced  concrete 
and  epoxy  resins  are  different  and  the  atmospheric  boundary  layers  as  well  as 
the  upwind  turbulence  are  not  modelled. 

Visualization  reyeals  that  the  veil  vibrates  at  high  wind  speeds  as  confir¬ 
med  by  the  readings  of  accelerometers.  Failure  modes,  which  cannot  be  always 
easily  characterized  b%in  with  a  depression,  or  a  crack  in  an  area  of  the  shell 
which  depends  on  configuration  (7).  The  reproducibility  of  critical  loadings  is 
tested  for  7  out  of  the  10  configurations  studied.  An  attempt  to  determine  the 
phenomenon  responsible  for  the  collapse  of  the  towers  is  made  by  comparing 
experimental  data  with  numerical  values  derived  from  both  Eulerian  buckling  and 
non  linear  computations.  Another  indication  is  given  by  the  analysis  of  the  stress 
level  in  the  reference  tower  model,  (isolated  configuration),  at  the  moment  of 
the  failure.  It  is  assessed  by  a  conventional  static  computation  and  augmented  to 
take  dynamic  effects  into  account,  and  it  seems  to  rule  out  the  hypothesis  of 
ultimate  stress  failure  and  fatigue  failure. 

This  study  is  still  to  be  supplemented  by  further  analysis  and  computations. 


6.  CONCLUSION. 


The  purpose  of  this  paper  is  the  presentation  of  the  different  methods, 
mainly  experimental,  developped  by  E.D.F.  to  determine  the  real  wind-induced 
effects  in  high  cooling  towers. 

These  studies  were  first  devoted  to  isolated  towers.  In  a  second  stage, 
the  emphasis  was  put  on  interaction  effects  analysis. 

Reference  data  have  been  collected  through  an  important  programme  of  full 
scale  measurements,  supplemented  by  model  tests  in  wind  tunnels.  The  general 
outlines  of  the  results  are  given  in  this  paper.  Interaction  configuration  of  the 
towers  is  shown  to  be  an  important  factor  to  be  considered,  as  opposed  to  isolated 
configuration. 

The  significant  effects  that  may  result  from  critical  interactions  are 
mainly  : 

-  an  increase  in  pressure  fluctuations  applied  to  the  shell,  and  the 
asymmetry  of  the  pressure  field, 

-  the  static  and  dynamic  amplification  of  the  stresses  induced  in  the 
structure, 

-  a  change  of  instability  phenomena  and  of  related  critical  loads 
(analysis  still  in  progress). 

Some  of  the  outcomes  derived  from  these  studies  can  be  directly  applied 
to  tower  design  and  construction. 
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ABSTRACT 

The  dynamical  behavior  o£  a  long  pipe,  which  is  vertically  suspended  in  the 
sea  water  by  a  single-moored-buoy ,  was  analysed,  and  the  dynamical  stability  o£ 
the  pipe  excited  by  a  random  motion  of  the  buoy  was  examined  in  a  theoretical 
manner.  In  this  study,  an  analytical  model  o£  the  pipe  is  constructed  from 
several  rigid  pipe  sections,  which  are  serially  linked  by  universal  joints.  As  a 
result  of  this  study,  the  influences  of  the  number  of  pipe  sections,  the  total 
length  of  the  pipe  system,  the  steady  current  of  the  sea  water,  the  flow  speed 
in  the  pipe,  the  power  spectral  density  of  the  heaving  motion  of  the  buoy,  the 
natural  frequency  of  the  pipe  system  and  the  dynamical  properties  of  universal 
joints  upon  the  covariance  stability  of  lateral  displacement  of  the  pipe  system 
were  clarified  by  the  simplified  analytical  model. 

I .  INTRODUCTION 

A  long  pipe  vertically  suspended  in  the  sea  is  usually  available  to  take 
deep  sea  water  and  resources,  especially  used  as  a  cold  water  pipe  at  the  ocean 
thermal  energy  conversion  plant  and  other  facilities  of  offshore  structures. 

When  a  pipe  is  suspended  by  a  single-moored-buoy,  the  random  motion  of  the  buoy, 
excited  by  sea  waves,  gives  a  bending  vibration  to  the  suspended  pipe.  A 
vertical  motion  of  the  buoy  may  be  the  cause  of  instability  in  the  pipe  motion 
in  some  situations. 

Several  analytical  methods  have  been  developed  during  past  few  years  to 
predict  the  hydroelastic  response  of  suspended  long  pipes  in  the  ocean 
environment.  Paulling,  J.  R.IlJ,l2],  Chou,  D.  Y. ,  et  al.[3],  and  Chang,  P.  Y. (4] 
studied  coupled  responses  of  the  OTEC  cold  water  pipe  and  platform  to  ocean 
currents  and  random  sea  waves  by  using  of  two-dimensional  beam  theory,  and  some 
of  them  used  an  equivalent  linearization  technique  based  on  statistics  of  the 
random  response  to  approximate  the  nonlinearities  associated  with  the  pipe 
damping  due  to  fluid  drags.  In  these  analyses,  computer  programs  were  developed 
by  using  the  finite  element  method  or  the  transfer  matrix  method. 

On  the  other  hand,  Iso,  S.,  et  al.[5]  treated  the  same  response  problems  in 
continuous  elastic  pipes  in  a  theoretical  manner,  and  recently  Chung,  J.  S., 
et  al.[6]  examined  the  axial  streching  oscillation  of  the  long  vertical  pipe. 

If  the  pipe  is  constructed  from  several  rigid  pipe  sections  serially  linked 
by  universal  joints,  it  has  a  very  low  bending  stiffness  as  compared  with  the 
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continuous  elastic  pipe.  In  such  an  articulated  pipe,  the  bending  stress 
produced  in  each  pipe  section  is  reduced  and  the  requirement  of  the  pipe 
strength  is  alleviated.  In  the  articulated  pipe,  however,  stability  problems  are 
particularly  important  due  to  the  low  flexibility  of  the  pipe.  Paidoussis,  M. 

P.,  et  al.[7]  studied  a  stability  of  the  articulated  pipe  conveying  fluid,  but 
an  instability  produced  by  a  vertical  motion  of  the  pipe  supporting  point  are 
not  treated  so  far. 

This  study  intends  to  provide  stability  conditions  of  the  suspended 
articulated  pipe,  which  is  vertically  excited  by  a  heaving  motion  of  a  buoy.  A 
simple  analytical  model  is  formulated  on  the  assumptions  of  the  two-dimensional 
motion  of  the  pipe,  small  lateral  displacement  of  the  pipe,  and  so  on.  The 
critical  power  spectral  density  and  its  frequency  on  the  covariance  stability 
are  found  by  two  methods.  The  one  is  Che  application  of  Che  covariance  equation 
for  Gaussian  white  noise  input,  and  the  other  is  the  application  of  the 
perturbation  technique  to  the  statistical  moment  equation,  which  is  derived  on 
the  assumption  of  uncoupled  modes  of  the  pipe,  for  the  colored  noise  input.  The 
influences  of  the  number  of  pipe  sections,  the  total  length  of  the  pipe  system, 
the  steady  current  of  the  sea  water,  the  flow  speed  in  the  pipe,  the  power 
spectral  density  of  the  heaving  of  the  buoy,  the  natural  frequency  of  the  pipe 
system  and  the  dynamical  properties  of  the  universal  joints  upon  the  covariance 
stability  of  lateral  displacement  of  the  pipe  system  are  examined. 

2.  ANALYTICAL  MODEL 

2. 1  Assumptions 

The  scheme  of  the  analytical  model  of  the  buoy  and  the  pipe  system  are 
shown  in  Fig.t.  To  simplify  a  theoretical  treatment,  the  analytical  model  is 
formulated  on  the  following  assumptions: 
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(1)  The  pipe  system  is  constructed  from  n  sections  of  pipes,  which  are 
serially  linked  by  universal  joints,  and  every  pipe  section  has  a  uniform  cross 
section  and  the  same  length,  and  make  the  two-dimensional  movement  in  the 
vertical  plane. 

(2)  Every  universal  joint  has  a  concentrated  mass  and  a  damping  being 
proportional  to  the  relative  rotation  velocity. 

(3)  The  steady  current  of  the  sea  water  decreases  linearly  with  the  sea 
depth,  and  the  static  displacement  of  the  pipe  in  the  horizontal  direction 
caused  by  the  steady  current  is  relatively  small  compared  with  the  pipe  length. 

(4)  The  dynamical  lateral  displacement  of  the  pipe  around  the  static 
equilibrium  position  is  much  smaller  than  the  static  displacement,  and  does  not 
affect  a  motion  of  the  buoy. 

(5)  The  upward  flow  speed  in  the  pipe  is  constant. 

(6)  The  sea  wave  is  given  by  linear  wave  theory  at  the  deep  sea. 

(7)  The  effects  of  a  fluid  motion  caused  by  the  wave  on  the  pipe  are 
neglected. 

(8)  The  buoy  is  shaped  as  a  circular  cylinder,  with  vertical  axis,  and  is 
symmetrically  moored.  The  buoy  moves  only  in  the  vertical  direction,  under  wave 
excitation,  i.e.,  only  the  heaving  motion  is  taken  into  account,  and  the  effects 
of  sway  and  roll  are  neglected. 

(9)  The  heaving  motion  of  the  buoy  is  relatively  small  and  the  effects  of 
the  mooring  are  neglected. 

2.2  Buoy 

From  assumptions  (6),  (8)  and  (9),  the  equation  of  heaving  motion  A(t)  of 
the  buoy  is  given  as  follows: 

(wq,  +  mw)4(i)  +  +  kvA(t) 

=  pw(*0*/4)a*(z,t)/3i|2=_H  +  t) / 3t3z | Z=_H  ,  (0 

where  mb  =  mass  of  the  buoy,  #b  ■  diameter  of  the  buoy,  H  =  draft  of  the  buoy, 
pw  »  density  of  the  sea  water,  mw  =  Pw(”/'2)Z>b  ”  added  mass  of  the  sea  water, 
kv  =  Ovg(.i'Dt,/A)  =  restoring  coefficient  of  buoyancy, 

$(z,i)  =  -(aj/m)exp(ojzz/g)sin(ut)  =  velocity  potential  for  the  sea  wave,  (a  = 
wave  amplitude,  g  =  gravitational  acceleration,  w  =  angular  frequency),  cw  = 
damping  coefficient  related  to  heaving  motion,  which  is  approximately 
proportional  to  the  angular  frequency  m. 

2.3  Pipe 

From  assumptions  (I),  (2),  (3),  (4),  (5)  and  (7),  the  equation  of  lateral 
motion  of  the  pipe  system  is  given  as  follows: 

twl {0(*> }  +  [C]{0(t)}  +  (U1  +  /i(f:)UA]){0(*)5  =  (0)  ,  (2) 

where  {0(t)}  =  (i=1 ,2, ••*,«),  9f(£)  =  an  angular  displacement  of  the  ith 

pipe  section  from  the  static  equilibrium  position,  LA/]  =  mass  matrix  including 
Added  mass  of  water,  [ C ]  °  damping  matrix  including  fluid  drag  force,  damping  at 
the  universal  joints,  and  Coriolis  force  by  internal  flow,  [KJ  =  stiffness 
matrix  including  gravitational  force,  buoyancy,  momentum  change  of  internal  flow 
at  the  universal  joints,  (KA1  =  “ass  matrix  of  parametric  excitation.  The  right 
hand  side  of  equation  (2)  is  not  (0),  if  the  static  equilibrium  displacement  of 
the  pipe  is  not  zero.  However,  the  nonhomogeneous  term  of  (9(t)}  can  be 
neglected,  if  only  the  stability  condition  is  examined. 

The  expression  of  [M] ,  [C] ,  [K]  and  ate  given  as  iollows: 

X,k  (k<i)  *  (Pp+p; )lHn-i+U2)  *  mlHn-i)  ' 

La/1  =  ^  =  (p  +p  ')23(«-i+l/3)  +  ,  (I Si,kCn)  (2a) 

-<k  (i<k)  “  VPpH3(n"*+,/2)  +  ml2  (n-k)  . 
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[c] 


'Ci,k  (k<i)  -  Wl*tW2(i)+jSi+,»,«)>  -  «i-,,kc 

Ci,i  =  CDpwDZ,3^3^^+jli+|y/J^ ^  "  ^2-5i)n^c  "  Pw(*/4)d2VpZ.2 

■Ci,k  (i<k)  =  ^Dpw^ ^3^2^^+j=k+I^I^'^  "  Si+1,kC  " 
i/,(i)  =  UQ-a(i- 1/2)2,  ff2(i)  =  {ff0-a«-|/3)l}/2,  ^(t)  =  {i/Q-a (i- 1 /4) Z } /3 , 

(2b) 


fxl 


(iSi.fcStt) 

u  Z2/2  +  (n-i) (u  lz+mgl)  -  (1-6.  )p  (it/4M2v2Z 
.  ,  ,,  ,  p  l>n  w  P 


*i,k  (k<i)  =  0 

K.  . 

L*i,k  (i<k)  =  \,n%(*/i,)d2vll 


^AJ 


*Ai,k(k<i)  =  0 


K..  . 

Ai,r 

1-A:Ai)k(i<k)  =  ppZ2 


(P  +p')i2/2  +  («-i)  (p  Z2+mZ) 

P.  P  P 


(isi,?:s>j) 

(2c) 

kin) 

(2d) 

where  pp  =  mass  of  the  pipe  including  internal  water  per  unit  length,  pp  =  added 
mass  of  water  to  the  pipe  per  unit  length,  Wp  =  gravity  of  the  pipe  in  water  per 
unit  length,  Z  =  length  of  each  pipe  section,  m  =  concentrated  mass  at  the 
universal  joint,  a  =  rotational  damping  coefficient  at  the  universal  joint,  D  = 
outer  diameter  of  the  pipe,  d  =  inner  diameter  of  the  pipe,  vp  =  flow  velocity 
in  the  pipe,  <?d  =  fluid  drag  coefficient  of  the  pipe,  Un  =  horizontal  steady 
current  velocity  at  the  top  of  the  pipe  system,  a  ■=  proportionality  constant  for 
the  current  velocity  V  °  U0~ah  Qi  =  depth  from  the  top  of  the  pipe  system) ,  6. 

=  Kronecker  delta.  k>n 

Equation  (2)  is  rewritten  by  multiplying  [«]”  ,  that  is 


(e(t)}  +  [<7']{e(*)}  +  (IK']  +  A  (*)[/$  ){<>(*)}  *  (0)  ,  (3) 

where  [C']  =  [W]  [C],  [#']  ■  [W]  '[x]  ,  =  [ A/]  '[fyj  .  Furthermore  the  above 

equation  is  reduced  to  the  equation  of  state  vector 


.  /r  t°i  r/Ji  *  a^rtoj 

dti(0(i) )J  '  V [_-[#']  -IC'l)  +/I(t)[-{XM 


3.  COVARIANCE  EQUATION  FOR  GAUSSIAN  WHITE  NOISE  INPUT 


Assuming  that  the  heaving  acceleration  of  the  buoy  /i(t)  is  Gaussian  white 
noise,  equation  (4)  can  be  regarded  as  a  ramdom  differential  equation  of  Ito’s 
type,  so  that  the  covariance  equation  of  the  angular  displacement  e^i)  and 
velocity  9^(6)  of  the  pipe  is  obtained  as  follows: 


&V<*» 


S 


to] 

[3] 

tvGl 


[!)+[«]  [0]  1 

(B ']  [J] 

(yaHybJ  [y^Hy'iJ 


m*))  , 


where 


tnt))  = 


iej])i 

id]J  . 

i9j])j. 


{ E[ 0  £0 j ]  ) 
{ E[ G 
(E[d 


(1  S  i,g  £  n) 


[a]  -  [a  ] 

*~f  J 

[el  =  [b.  .1 

*•>  J 

[S']  =  CBf  J 

J 


i-((i-1)/n)n~l  n+{ (i-l)/n)+1^  ’ 
^  5j»((i-1)/n}n+k^i-{(i-1)/n)n,k^  ’ 

^  ^{(i-O/nhuk^i-Ui-O/nJn.k^  ’ 


(5) 


(1 ii,js,n2) 
(1Si,jS«2,  1  Skin) 
(1  ii,jinz,  Mkin) 
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[vA] 

=  [YAi, 

"  f^i, 

iw 

=  fYBi, 

lift 

=  tYBL 

(VI 

=  fYGi, 

^  5j,i-{(i-1)/n}n+(k-])n^{(i-1)/n}+1,k^  ’ 

^  5j ,i-{(i-1)/n}n+(k-1)n^{ (i-1)/n}+l ,k^  ’ 

^  5j,{(i-1)/n}+l+(k-1)n^i-{(i-1)/n}n,k^  J 
^  ^j,{(i-l)/n}+l+(k-1)n<'i-{(i-1)/n}n,k^  ’ 
[(1+6{(i-0/n}+l,i-{(i-1)/n}n)(2/,,)So^A{(i-) 
^Ai-{  (i-1 )  /n}n,  j-{  (j-1)/n}n^  ’ 


(1 St„jS«2  , 

ISfeSn) 

(1 Si.jSn2, 

1 SftSn) 

(1  S>i,o£n2 , 

is kin) 

(ISf.jSrc2, 

1  Skin) 

)/n}+1 ,{ (j- 

-1)/n}+1 

(ISi.jSn2) 

and  So  =  power  spectral  density  of  the  heaving  acceleration  of  the  buoy.  Unless 
the  subscript  or  (j-1)/tt  is  an  integer,  omit  the  figure  below  decimals. 

Since  the  covariance  equation  was  reduced  to  a  1st  order  differential 
equation  with  constant  coefficients,  the  stability  of  the  covariance  is 
investigated  by  solving  the  eigenvalue  problem  of  the  coefficient  matrix,  that 
is,  the  condition  that  every  real  part  of  eigenvalue  is  negative  is  the 
stability  condition  for  the  covariance  of  the  dynamical  displacement  of  the 
pipe. 


A.  EQUATION  OF  STATE  FOR  COLORED  NOISE  INPUT 
A.1  Power  Spectral  Density  of  Input 

When  the  heaving  acceleration  of  the  buoy  d(t)  is  Gaussian  colored  noise, 
the  ISSC  power  spectral  density  function  with  the  significant  wave  height 
and  the  characteristic  wave  period  T\  is  used  as  a  typical  power  spectral 
density  of  the  sea  wave  height,  that  is 

Sw(u)  =  (/l/u^expC-BAa1*)  ,  in  m2s  ,  («  1  0)  (6) 

where  A  -  MZh\ j^/f\  in  m2/s1*,  B  =  691  !T\  in  s~^.  In  Fig. 2,  the  power  spectral 
density  of  the  sea  wave  is  shown  for  ‘I i  =  11  s,  h\/$  =  11  m. 

From  equation  (1),  a  frequency  response  function  of  the  heaving 
displacement  of  the  buoy  to  the  sea  wave  height  is 

_  -(.myJ-  +  pw<7tPft/4)exp(V///<j')  ■  _  rr  (7) 

-0^  +  +  kv  ’ 

As  a  numerical  example,  the  values  of  parameters  indicated  in  Table  1  are  used 
to  calculate  equation  (V),  and  the  gain  |//(w)|  is  plotted  against  T  “  2 n/w  in 
Fig. 3. 

The  power  spectral  density  of  the  heaving  acceleration  of  the  buoy  is  given 
by  the  expression 

S^(w)  =  o'*  \llM  |2Sw(w)  ,  (w  £  0)  .  (8) 

A  numerical  example  of  S^(w)  calculated  for  the  parameters  in  Table  1  is  shown 
as  a  solid  line  in  Fig. A. 

In  order  to  determine  a  shaping  filter  as  a  simple  transfer  function, 
equation  (8)  is  approximated  by  the  expression 

S^(w)  =  Ciw2/(u‘‘  +  Czos2  +  C3)  ,  (w  S  0)  .  (9) 

To  fit  equation  (9)  to  the  result  given  by  a  solid  line  in  Fig. A,  parameters  Ci , 
Cz  and  C3  are  selected  as  follows:  C\  =  1/9  m2/s,  Cz  =  -0.5A58  s“2, 

C3  =  0.08037  s”A.  The  approximated  result  given  by  equation  (9)  is  shown  as  a 
broken  line  in  Fig. A. 

If  the  shaping  filter  corresponding  to  the  power  spectral  density  of 
heaving  motion  of  the  buoy  is  determined  and  an  augmented  system  including  the 
shaping  filter  is  introduced,  then  the  system  is  formulated  by  the  stochastic 
differential  equation  with  a  white  noise  input. 
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Table  1.  Typical  numerical  example  (IMW  OTEC  Plant) 


Pipe 

outer  diameter  D  =  1.845  m 
inner  diameter  d  =  1.8  m 
number  of  the  pipe  sections  n  =  2 


mass  per  unit  length  Ppipe  =  986  kg/m 
mass  of  the  universal  joint  m  =  9860  kg 
damping  of  the  universal  joint  a  =  0 


length  of  the  pipe  section  l  =  400  m  flow  velocity  in  the  pipe  Vp  =  1  m/s 

oy  diameter  Z?b  =  10  m 

draft  ti  =  28  m 

mass  mb  =  2260  t  including  mass  of  the  pipe 

damping  coefficient  ov  =  680w  kg/s 


Current 


current  velocity  at  the  top  of  the  pipe  system  U o  =  0.5  m/s 
proportionality  constant  a  =  0.3125x10"^  s-' 


density  of  the  sea  water 

characteristic  period  Ti  a  11  s 
significant  height  h\/3  =  11  m 


Pv?  =  1027  kg/m3 


4.2  Equation  of  State 

A  covariance  equation  of  the  response  will  be  very  complex  in  the  case  of  a 
colored  noise  input,  because  the  term  of  parametric  excitation  in  the  equation 
pf  state  becomes  nonlinear.  Therefore,  the  equation  of  motion  (3)  is 
approximately  separated  into  n  uncoupled  equations  by  the  disregard  of  coupled 
terms,  in  order  to  apply  the  modal  analysis.  As  a  result  of  the  approximation, 
the  covariance  equation  for  each  mode  is  established  and  the  stability  condition 
for  each  mode  is  obtained  by  the  perturbation  technique  under  the  assumption  of 
small  nonlinear ity[ 8] . 

In  order  to  apply  modal  analysis,  the  eigenvalue  problem  is  first  solved  m 
the  case  of  no  damping  and  no  parametric  excitation  in  equation  (3),  and  then 
the  modal  matrix  [4>]  is  applied  to  diagonalize  the  stiffness  matrix  [X']  in 
equation  (3) .  The  matrices  of  damping  and  parametric  excitation  are  approximated 
by  the  disregard  of  coupled  terms,  and  the  equation  for  each  mode  6i (t)  is  found 
to  be  as  follows: 


0;(t)  +  C<!  .OUt)  +  (XV  .  +  A(t)K"  .)0i (t)  =  0  ,  (•£=  1,2, •••,»)  (10) 

i)l  1 

where  C"  i,  X", i  and  K"i,i  are  diagonal  elements  of  [$>]  '[£'][$],  [$]  [K'H'1’3 

and  ,  respectively. 


5.  STABILITY  FOR  GAUSSIAN  COLORED  NOISE  INPUT 

5.1  Moment  Equation  _  .... 

Now  wc  consider  a  stability  problem  of  covariance  of  a  function  satisfying 

a  differential  equation 

y(t)  +  2Cunjr«0  +  {<4  +  to x(t)}y(t)  =  0  ,  0 


where  a  parametric  excitation  x(t)  has  a  power  spectral  density 
Sx<«)  =  (o2/n)|k|08k(im)P'k/jl0aj(-iw)<,'J|2  , 

a  =  constant,  ao  °  So  =  I  ,  <?  y  p  >  (to  5  0) 


(12) 


The  function  x(t)  is  given  as  a  function  satisfying  a  differential  equation 
x(q)(t)  +  cijX^-'^t)  +  •••  +  aqa:(fc) 

=.  o{B(p)(t)  +  BiB(p_1)(£)  +  "•  +  Bp^(*>3  >  (,3) 

where  B(t)  is  Gaussian  white  noise  with  mean  zero  and  autocorrelation  function 
$(#)  (s  Dirac  delta  function).  Equation  03),  which  represents  a  shaping  filter 
giving  a  parametric  excitation  x{t) ,  is  rewritten  as  an  equation  of  state  vector 

dWi(i)}/di  =  l/flUittO)  +  (B)B(t)  ,  (t^a) 

xw  =  (c}Tai(t)}  ,  (,4b) 


where  tti(t)}  =  lx'(i_1) (t)},  1  £  i  i  q  ;  x' (t)  =  solution  of  equation  (13), 
and  only  oB(t)  remains  on  the  right  hand  side;  also 

Bp  1 
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o  • 

o  • 
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Reducing  the  coefficient  matrix  in  equation  (14)  to  a  diagonal  matrix,  we  have 
dtf*(t)}/dt  =  [T)'1Wm{W«)  +  [r]"’{B}S(fc)  fiS 

x(  t)  =  {C)TlrJ{)f*(*)l  =  lioVli=1XiXi(*)  (1‘ 

where  =  (x('(t)}  ,  1  S  i  £  q  , 


[rr'MI"]  = 


\x  o 


.10  Xq 


1  1 

Xi  X2 

xi  x| 


xr1  xr1 


and  Xj:  =  roots  of  characteristic  equation  of  [A]  ,  i.e.,  functions  of  aj  (j'=1,2,’ 

•  ,q)  ■ 

Similarly,  replacing  equation  (11)  by  a  state  equation  and  reducing  its 
coefficient  matrix  to  a  diagonal  matrix,  we  have 

3$$)}  ■  ([?  y  *  -i])fess;} .  <« 

where  vi,2  =  (-5  ±  i/PtF/un,  un  =  Un/T-C7. 

Therefore,  the  stochastic  differential  equations  in  our  problem  are 
formulated  from  equations  (15)  and  (16)  as  follows: 

yx(t)  =  vij/jft)  +  (ie0/2uI()ll|0Bp_li|1xla:('«:){!/1(i:)  +  y2(t))  ,  | 

yz(t)  =  vjt/2(f.)  -  (ieo/2to,5)1|0Bp_li|1X^x('(<:){y1(t)  +  y-,(t))  ,  f  O' 

x'!(t)  =  \-.x‘!(t)  +  (A„  ./a.)ofW  ,  (1  £  i  S  <?)  ,  J 

where  At  =  determinant  of  matrix  [T]  ,  Aq;i  =  cofactor  determinant  of  (q,i) 
element  of  matrix  [T]  . 

From  equation  (17),  the  moment  equations  for  yx(t),  yz(t)  and  x'^it)  (i=  1, 

2,  •••><?)  are  obtained,  that  is 

(1/2m')d{mki,...(kq(t))/dt  =  Hkl)...>kqHl,.-.,kq(t)} 

+  £[^iliJoVxxli{m>u,-,ki+.,...,kq<t» 

+  '(oV4^)[i'I1^(V,)A^i(Wki,...>ki_2>...,kq(t)} 


+i,l»l!i<l2fei/<lAq,iAq,l{",ki,-”,ki-1,-",kl-1.-”.kq(t)3J  ’  (,8) 

{mki,---,kq(t)}  =  '  Eti/i2/2^ikl”-aqkq]  ’  ,  (19) 

..  >  0  >  only  i.  0  for  i=1 ,2,  •"  ,q  ,  otherwise  m,  ,  (t)  =  0, 

>km  1  ki,’-‘,kq 

f-c/Hp+i+n.  ...  .  0  0  1 


kj ,  •  •  • ,kq 


kj , • *  * ,kq 


-5/ircr+n1 


kj  ,  •  •  •  ,kq 


-qA-^-i+n, 


ki,  *  *  *  ,k< 


ki, • • • ,kq  i= 


q  110 

i=1^i^i^2un  >  c  =  co/wn2  ,  [#]  =  (i/2)  -1/2  0  1/2 

L  0  -1  -1 
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5.2  Perturbation  Technique 

Equation  (18)  is  iteratively  solved  for  values  of  ki ,kz , • • * ,k^  and  the 
covariances  are  also  obtained.  If  a  parameter  e  is  small,  an  approximate 
solution  is  obtained  by  the  perturbation  technique. 

Putting 


{\1(...,kq(t)}  =  {Ck1)-..,kq)eXp(2UnSi) 
and  expanding  {e.  .  }  and  s  into  power  series  of  e, 


s  =  s(0)  -  es(,)  +  •••  +  crs(r)  +- 


{c.. 


.}  =  ,  )  +  e{c,0) 


+  ...  +  cr{o,(r>  ,  } 


(20) 


(21) 


'ki,***,kq  ki ,  •  •  •  ,kq  '“''kl,  •  •  •  ,kqJ  °  "'kl,-..,kq 

and  substituting  equations  (20)  and  (21)  in1  the  moment  equation  (18),  then  we 
obtain  iterative  equation  with  respect  to  {<?£, ...  .  }  and  (^=0, 1 ,2,  ‘  •  •) , 

that  is  »  »  H 

<s<0>(1)  -  K„. V 


By  solving  equation  (22)  iteratively,  eigenvalues  of  s  are  obtained,  and 
the  stability  condition  for  covariances  of  y^t)  and  is  determined  by 

examining  the  maximum  real  part  of  the  eigenvalues  of  s.  Since  the  stability 
condition  is  determined  for  parameters  Xf  and  Bf  (i=1 ,2,  •  •  •) ,  the  stability 
condition  for  the  power  spectral  density  5x(m)  can  be  obtained  by  considering 
equation  (12).  The  result  is 


5x(2un/T-C7)  <  4so£(1-s2)/7teo  • 


(23) 


From  the  above  expression,  it  is  seen  that  the  stability  condition  is  determined 
by  the  frequency  compoment  of  parametric  excitation  at  twice  the  natural 
frequency  wn/l-?2 .  This  result  can  be  predicted  from  the  fact  that  the  equation 
of  motion  is  reduced  to  Mathieu's  equation  in  the  case  of  harmonic  excitation. 


6.  STABILITY  OF  COVARIANCE 


6. 1  The  Case  of  a  Single  Pipe  (n  =  1) 

The  covariance  equation  of  the  angular  displacement  0 (t)  and  velocity  0(i) 
for  a  single  pipe  under  excitation  of  Gaussian  white  noise  is  derived  from 
equation  (5) . 


(24) 


where 


C'  =  3/gll [(CqD/31)  {pwl2/ (f>p+pp}(Uo/STg-3ul/*ifig)  +  {e/l2STg(pp+p^).) 

~  {Pw^V (Pp+Pp)H3<fV4Z*)Vp/ </Tg]  , 

K'  =  (3<7/2Z)Wp/(pp+pt')<7  ,  K'k  -  3/2Z  . 

The  stability  condition  for  the  covariance  is  easily  determined  from  the 
eigenvalue  of  coefficient  matrix  in  equation  (24),  that  is 

So  <  IC'K’hK l2  .  (25) 
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On  the  other  han-'  rewriting  equation  (23)  by  introducing  the  expressions 
x(.t)  a  (>4on/(7i)A 'fo  s  KfaCi/ >40^ ,  4  =  ^*/2wn,  wn  =  ^ s  w^/T— 42,  the 
stability  condition  in  the  case  of  colored  noise  input  is  reduced  to 

S"( 2u$  <  2C'X'(l-C2)/n^2  .  (26) 

From  comparison  of  equation  (26)  with  equation  (25),  it  is  seen  that  the 
stability  condition  for  the  colored  noise  input  is  different  from  that  for  the 
white  noise  input  by  a  factor  (I-42)  in  the  case  of  a  single  pipe.  Therefore, 
the  critical  value  of  power  spectral  density  of  the  colored  noise  input  is  lower 
than  that  of  the  white  noise  input,  especially  in  the  case  of  large  damping 
ratio.  If  the  damping  ratio  is  large,  the  amount  of  e  =  eo/un(1“52)  is  large,  so 
the  error  caused  by  the  perturbation  technique  may  be  large.  From  this  fact,  the 
stability  condition  (23)  is  valid  only  for  the  small  damping  ratio  (4  «  1), 
although  the  safety-side  result  is  given. 

In  a  numerical  example  given  by  Table  1,  equations  (25)  and  (26)  are 

So  (=  SX(io))  <41.1  m2/s3  (white  noise  input)  =  800  , 

SX(m  =  0.0384  s-1)  <  6.13  m2/s3  (colored  noise  input) 

The  large  difference  between  the  two  results  comes  from  the  large  damping  ratio 
4  =  0.922  in  this  example.  Such  a  large  damping  is  mainly  caused  by  the  fluid 
resistance  in  the  sea.  A  frequency  component  of  the  heaving  motion  for 
to  =  0.0384  s-1  is  critical  for  the  stability  in  this  example.  But  the  power 
spectral  density  of  the  heaving  motion  is  distributed  over  the  frequency  range 
0.3  s-1  <  u  <  0.9  s-'  as  indicated  in  Fig. 4.  Even  if  o>  =  0.0384  s“’  were 
involved  in  this  range,  the  maximum  value  of  the  power  spectral  density, 

5.2  ra2/s3  in  this  example,  satisfies  the  stability  conditions. 

If  the  length  of  pipe  is  shorter,  say  l  =  100  m,  the  damping  ratio  4 
becomes  small,  5  =  0.462  in  this  example,  and  the  natural  frequency  becomes 
high,  because  the  gravitational  effect  is  relatively  large.  The  stabilily 
conditions  are 

So  (=  SX(u))  <  7.28  m2/s3  (white  noise  input)  _  0Q  , 

=  0.250  s-1)  <  5.73  m2/s3  (colored  noise  input) 

In  this  case,  the  difference  between  the  two  results  is  not  so  large.  From 
comparison  of  the  above  results  with  the  power  spectral  density  shown  in  Fig. 4, 
it  is  seen  that  this  case  is  also  stable. 


6.2  The  Case  of  Two  Pipe  Sections  (ft  =  2) 

For  two  pipe  sections  (n  =  2),  the  critical  power  spectral  density  of  the 
heaving  acceleration  /i(t)  is  shown  in  Figs. 5(a)  and  (b) .  In  the  case  of  colored 
noise  input,  two  groups  of  solid  line  represent  the  critical  levels  for  the  1st 
and  the  2nd  modes,  respectively.  In  these  figures,  the  effects  of  the  rotational 
damping  at  the  universal  joint  are  presented.  The  damping  of  the  long  pipe 
system  (2  x  400  m)  has  an  inverse  effect  of  the  short  pipe  system  (2  x  50  m)  for 
the  1st  mode  critical  level,  because  the  critical  level  is  proportional  to 
4O-42)  from  equation  (23).  In  the  case  of  short  pipe  system,  4  <  0.7,  so  the 
critical  level  increases  as  4  increases,  while  in  the  case  of  long  pipe  system, 

4  >  0.7,  so  the  critical  level  decreases  as  4  increases.  In  the  case  of  white 
noise  input,  the  damping  at  the  universal  joint  was  neglected,  i.e.,  c  =  0. 

From  comparison  of  these  results  with  Fig. 4,  the  system  is  unstable  for  the 
white  noise  input,  while  it  is  stable  for  the  colored  noise  input,  because  the 
frequency  range  of  the  heaving  motion  is  out  of  the  critical  frequencies. 

Fig. 6  shows  the  effects  of  mass  and  damping  at  the  universal  joint,  fluid 
velocity  in  the  pipe,  current  velocity  in  the  sea,  total  length  of  the  pipe  and 
the  number  of  the  pipe  sections  on  the  critical  power  spectral  density  of 
heaving  acceleration  of  buoy.  The  critical  level  of  the  2nd  mode  is  generally 
lower  than  that  of  the  1st  mode,  because  the  lateral  displacement  or  the  fluid 
drag  of  the  2nd  mode  is  smaller  than  that  of  the  1st  mode.  Therefore,  the  final 
critical  level  is  usually  determined  by  the  2nd  mode,  and  in  fact  the  critical 
level  of  the  2nd  mode  is  near  that  of  the  white  noise  input. 


Fig. 5  Critical  power  spectral  density  of  heaving  acceleration  of  buoy 

( - :colored  noise, - :white  noise)  ;  n  =  2 

Damping  of  the  joint  :  0/ (pp+pp)lz/Tg  =  0  at  point  a 

=  0.025  at  point  b 

(a)  Effect  of  <0,  total  length  =  2x400  m  =  800  m 

(b)  Effect  of  01,  total  length  =  2x  50  m  =  100  m 


Fig. 6  Critical  power  spectral  density  5"  of  heaving  acceleration  of  buoy 
( - :white  noise,  colored  noise)  ;  n  =  2 

(a)  The  effect  of  mass  of  the  joint  (nxj  =  2x  50  m) 

(b)  The  effect  of  damping  of  the  joint  (n*l  =  2x  50  m) 
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Critical  power  spectral  density  SX  of  heaving  acceleration  of  buoy 
( - :white  noise,  — :colored  noise)  ;  n  =  2 

(c)  The  effect  of  fluid  velocity  in  the  pipe  (nxl  =  2x  50  m) 

(d)  The  effect  of  current  velocity  in  the  sea  (nxl  “  2x  50  m) 

(e)  The  effect  of  total  length  of  the  pipe  (nxl  =  2x  50  m) 

(f)  The  effect  of  the  number  of  the  pipe  sections  (nxl  =  2x400  m) 


Fig. 6(a)  shows  Chat  the  critical  level  of  the  1st  mode  drops,  while  that  of 
the  2nd  mode  rises,  as  the  mass  of  the  joint  increses,  because  the  amplitude  of 
the  joint  in  the  2nd  mode  is  larger  than  that  in  the  1st  mode. 

Further,  the  critical  frequency  becomes  high  as  the  mass  of  the  joint 
increases  as  shown  in  Fig. 5(b).  The  result  of  the  white  noise  input  is  similar 
with  that  of  the  2nd  mode. 

Fig. 6(b)  shows  that  the  critical  level  rises  for  large  damping  of  the 
joint,  because  the  2nd  mode  is  suppressed  by  Che  joint  damping.  The  1st  mode 
does  not  so  markedly  change  that  the  1st  mode  becomes  critical  above  some  amount 
of  damping, 

Fig. 6(c)  shows  that  the  critical  level  drops  for  large  fluid  velocity  in 
the  pipe,  because  the  momentum  change  of  internal  flow  at  the  joint  decreases  a 
restoring  force  and  Coriolis  force  decreases  a  damping  force  of  the  pipe  in  the 
case  of  upward  flow. 

Fig. 6(d)  shows  chat  the  critical  level  drops  for  small  current  velocity  in 
the  sea,  because  the  fluid  drag  decreases.  In  this  example,  it  was  assumed  that 
the  decreasing  rate  of  Uo  is  the  same  with  that  of  a.  In  the  case  of  colored 
noise  input,  the  critical  frequency  hardly  changes,  even  if  the  fluid  velocity 
in  the  pipe,  the  current  velocity  in  the  sea  and  the  damping  of  the  joint 
change . 

Fig. 6(e)  shows  that  the  critical  level  rises  for  the  long  pipe,  because  the 

effect  of  heaving  motion  becomes  relatively  small  for  the  long  pipe. 

Fig. 6(f)  shows  that  the  critical  level  drops  for  a  large  number  of  pipe 

sections,  because  the  higher  order  modes  appear  and  the  lateral  displacement  or 
the  fluid  drag  decreases  in  the  higher  order  modes. 

7.  CONCLUSIONS 

In  this  study,  the  stability  condition  of  the  suspended  articulated  pipe, 
which  is  vertically  excited  by  the  random  heaving  motion  of  the  buoy,  were 
examined  in  a  theoretical  manner,  and  the  critical  power  spectral  density  of  the 
heaving  acceleration  of  the  buoy  and  its  frequency  for  the  stability  of  the 
response  covariance  of  the  pipe  were  obtained. 

The  effects  of  the  mass  and  damping  at  the  pin-joints  of  the  pipe,  the 
fluid  velocity  in  the  pipe,  the  ocean  current  velocity,  the  pipe  length,  and  the 
number  of  the  pipe  sections  on  the  stability  condition  were  clarified,  and  it 
was  found  that  the  long  articulated  pipe  is  fairly  stable,  while  unstable  for 
large  number  of  the  pipe  sections,  say  more  than  4  sections. 

The  stability  condition  of  a  continuous  elastic  pipe  could  be  obtained  by 
the  same  method  as  described  in  this  study,  if  the  bending  modes  of  the  pipe  are 
assumed  to  be  uncoupled.  When  the  articulated  pipe  has  equivalent  stiffness  and 
damping  at  every  pin-joint  corresponding  to  the  bending  stiffness  and  damping  of 
the  continuous  pipe,  then  its  stability  condition,  in  the  case  of  large  number 
of  the  pipe  sections,  would  coincide  with  that  of  the  continuous  pipe.  In  the 
articulated  pipe,  the  stiffness  and  damping,  accordingly  the  bending  stress,  can 
be  more  easily  reduced  than  in  the  continuous  pipe.  However,  its  stability 
decreases  as  the  stiffness  and  damping  are  reduced.  In  this  study,  the  critical 
conditions  for  the  stability  were  clarified  to  make  the  best  use  of  the 
articulated  pipe. 

To  evaluate  the  response  of  the  articulated  pipe  is  also  important,  chough 
this  study  is  limited  in  scope  to  consideration  of  the  stability.  In  order  to 
analyse  response  displacements  of  the  pipe,  more  detailed  model  should  be 
established,  for  example,  not  only  heaving  motion  of  the  buoy,  but  also  sway  and 
roil,  furthermore  phase  difference  between  them  should  be  found,  and  coupled 
effects  between  the  pipe  and  the  buoy  should  be  taken  into  accojnt  owing  to  the 
finite  displacement  of  the  pipe. 
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ABSTRACT 


The  present:  paper  deals  with  blade  vibration  due  to  the  unsteady  forces 
generated  by  the  wake  shed  from  the  preceding  blade  row  and  presents  a  method 
which  can  evaluate  the  resonant  stress  of  the  blade. 

The  closed-loop  vibration  system  takes  into  account  not  only  the  unsteady 
force  due  to  the  wake  but  also  the  one  caused  by  blade  vibration,  as  the  forces 
acting  on  the  blade  are  first  analyzed  by  the  Transfer  Matrix  Method. 

Next,  the  experiment  is  carried  out  using  the  rotating-cascade  test  rig,  in 
order  to  confirm  the  validity  of  this  method.  Since  the  results  obtained  by  this 
analysis  are  in  good  agreement  with  the  experimental  ones,  the  resonant  stress, 
which  could  not  be  predicted  up  to  this  time,  now  enables  prediction  before  actu¬ 
al  occurence;  hence  this  method  will  be  useful  to  the  design  of  turbomachine 
blades. 


NOMENCLATURE 
Wp(t)  ; 

Up(t),vp(t)  ; 

W  : 

y0<xi  ■ 
y,f>  : 
Yb<  Yf  : 
K  : 

U  : 

C,  b  : 
P,  V  : 
U,  Vs  : 
0,  f  : 
tr,fcs  : 

5  : 

m,  JQ  : 
EI,GJ  : 

t’d/5  : 
Yi-Af  : 


wake  distribution 

gust  fluctuation  parallel  and  normal  to  an  undisturbed  flow  res¬ 
pectively 

circular  frequency  of  fluctuating  gust 

camber  line  (y0(x)  =  f(l  -  x2)  for  parabolic  blade) 

bending  and  torsional  displacement  of  blade  respectively 

bound  vortex,  free  vortex 

reduced  frequency 

mass  ratio 

chord  length,  half  chord  length 

air  density,  relative  inlet  velocity  of  rotor  blade 

rotor  speed,  absolute  outlet  velocity  of  stator  bxade 

angle  of  attack,  ratio  of  maximum  camber  over  the  half-chord  length 

pitch  of  rotor  cascade,  pitch  of  stator  cascade 

angle  made  by  rotor  blade  and  outlet  velocity  vector 

concentrated  mass  and  inertia  moment  of  blade  respectively 

bending  and  torsional  stiffness  of  blade 

concentrated  damping  coefficient,  logarithmic  decrement 

angle  made  by  principal  axis  of  i-th  cross  section  and  x-axis  of 

basic  coordinate,  cross  sectional  area 
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X-Y  :  basic  coordinate  of  blade 

£-r)  :  coordinate  along  principal  axis  of  each  cross  section 
x-y  :  nondimensional  coordinate  made  by  half-chord  length 

Subscript 

•  :  implies  the  complex  number 
s  :  steady  component 
t  :  unsteady  component 
n  :  n-th  harmonic 
i  :  i-th  element 

o  :  implies  fundamental  component 
j  :  imaginary  unit  =/^T 

1.  INTRODUCTION 

In  an  axial-flow  turbomachine,  it  is  well  known  that  blades  are  subjected  to 
unsteady  forces,  because  of  it  being  operated  in  unsteady  flow  fields.  Especial¬ 
ly  as  the  unsteady  force  arising  through  passing  the  wakes  shed  from  the  preced¬ 
ing  blade  row  has  a  frequency  proportional  to  a  rotating  speed,  the  resonant  phe¬ 
nomenon  occurs  under  the  condition  that  the  blade  natural  frequency  coincides 
with  the  exciting  frequency,  and  the  blades  suffer  very  large  stresses  which 
leads  to  fatigue  failure.  It  is  very  important  for  designing  turbomachinery  to 
predict  the  resonance  stress  due  to  the  wake,  but  this  has  not  been  taken  into 
account  up  to  the  present. 

The  unsteady  force  due  to  the  wake  can  be  considered  to  be  one  arising  on  a 
blade  in  a  periodic  fluctuating  flow  field.  Such  kind  of  studies  have  been 
carried  out  theoretically  by  many  authors  [1J-16].  Karman  and  Sears  [1]  first 
analyzed  the  unsteady  flow  around  airfoils  using  the  prevailing  vortex  theory. 
Sears  [2]  obtained  the  unsteady  forces  on  an  isolated  airfoil  in  a  sinusoidal 
travelling  gust  in  which  the  velocity  perturbation  is  normal  to  the  undisturbed 
flow.  Horlock(4J  investigated  the  unsteady  forces  on  an  isolated  airfoil  with  an 
angle  of  attack  due  to  a  longitudinal  (i.e,  parallel  to  the  undisturbed  flow) 
gust  and  pointed  out  that  this  gust  gave  the  very  important  effect  to  the  unstea¬ 
dy  force.  Naumann  and  yeh(5J  considered  the  effect  of  camber  on  the  unsteady 
force  due  to  parallel  and  normal  gusts  and  presented  the  design  method  for  reduc¬ 
ing  the  unsteady  force  to  a  minimum.  Analyses  previously  mentioned  are  valid 
only  for  cascades  with  low  solidity,  because  they  are  based  on  the  isolated  air¬ 
foil  theory.  Whitehead (6 J  investigated  the  unsteady  forces  arising  on  a  blade  in 
a  cascade  due  to  a  sinusoidal  gust,  together  with  the  unsteady  force  due  to  blade 
vibration. 

As  mentioned  above,  unsteady  aerodynamic  forces  due  to  the  gust  have  been 
studied  by  many  authors.  However  there  has  been  few  investigations  on  an  un¬ 
steady  force  on  blade  vibration.  Moreover,  experimental  investigations  being 
fewer  than  theoretical  ones,  it  is  difficult  to  apply  these  theoretical  results 
to  the  blade  design  with  confidence. 

The  present  paper  is  trying  to  establish  the  method  of  evaluation  of 
the  resonant  stress  by  comparing  the  theoretical  results  with  experimental 
ones.  First,  stress  evaluation  method  is  presented,  which  analyzes  the  closed- 
loop  system  of  blade  vibration,  containing  not  only  the  fluctuating  force  due  to 
the  gust  (i.e.,  external  force)  but  also  the  fluctuating  one  caused  by  its  own 
vibration  (i.e.,  aerodynamic  damping),  by  the  Transfer  Matrix  Method.  Second, 
the  wake  distribution,  the  logarithmic  decrement  and  the  resonant  stress  are  ob¬ 
tained  experimentally  using  the  rotating  cascade  test  equipment.  The  universal 
validity  of  the  stress  evaluation  method  presented  here  is  confirmed  by  comparing 
the  theoretical  result  with  the  experimental  one. 

2.  DERIVATION  OF  UNSTEADY  FORCE 

The  assumptions  used  here  are  as  follows: 

(a)  The  flow  is  two-dimensional,  invicid  and  incompressible 

(b)  The  unsteady  aerodynamic  forces  arising  bn  a  blade  consist  of  those  due  to 

the  gust  and  the  vibration  of  blade  itself 
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(c)  The  fluctuating  velocity  is  very  small  compared  with  the  mean  velocity 

2.1  Expression  of  Fluctuating  Gust  due  to  Wakes 

As  shown  in  Fig.l,  a  rotor  blade  subjected  to  a  fluctuating  gust  when  it 
passes  through  the  wake  shed  from  the  preceding  blade  row.  The  wake  is  periodic 
and  its  period  is  given  by. 


To  =  ts/U, 


271 


ts 


(1) 


Regarding  the  wake  as  a  time  function  with  a  frequency  u>0,  it  can  be  Four-' 
ierexpanded  as  follows: 


wp(fc)  “  -4)  wpne' 


jnu0t 


(2) 


Normal  and  parallel  components  of  gust  to  the  undisturbed  flow  are 


vD(t)  =  E  v 


pnc 


Jnwot 


up(fc)  =  J&  Qpne 


jn(0ot 


(3) 


respectively,  where  vpn  =  wpn  sin  4>,  5pn  =  ”pn  cos  <J’< 

Adopting  blade  center  as  a  basis,  the  gust  at  an  arbitrary  point  x  on  a 
blade  can  be  expressed  as  follows. 


vD(x,t)  =|  V.e3n,Jl°(t  -  VV)  .iv'3nM* jnWot 


-00 vpn 


(4) 


Similarly 


up(x,t) 


i>c 


■jnk0x 


ejnM0t 


(5) 


where  argument  <fn  of  vpn,  upn,  indicates  the  phase  difference  between  the  wake 
fluctuation  and  its  n-tn  fourier  component. 


Fig.l  Rotor  blade  passing  through  wakes 

2.2  Boundary  Condition  on  a  Blade  surface 

As  shown  in  Fig. 2(a),  the  coordinate  of  the  blade  vibrating  in  a  pure  bend¬ 
ing  mode  is  given  as  follows. 

Y(x,t)  =  yG(x)  +_|ynejnU,°t  (6) 

where  0n  =  arg  yn  is  a  phase  difference  between  the  n-th  component  of  gust  fluc¬ 
tuation  and  its  response  displacement.  From  now  on,  the  suffix  is  omitted 


because  only  one  component  is  considered. 

The  velocity  vector  Vi  at  a  point  on  a  blade  and  the  velocity  vector  V2  of  a 
fluid  are 

Vi  =  {0,  3y(x,  t)/3t}  v2  =  lv  +  up,  va  +  Vp  +  v}  (7) 

respectively.  Where  v  is  an  induced  velocity  and  consists  of  steady  and  un¬ 
steady  components;  then 

v (x,  t)  =  vs(x)  +  vt(x.  t)  (8) 

In  indicid  fluid,  the  normal  components  of  V)  and  V2  to  the  blade  must  be  equal 
to  each  other,  then 


Vi-n  =  V2-n 


(9) 


where  n  is  the  normal  vector  and  defined  such  as  n  =  (-3y/3x,  1) .  If  Eq. (9) 
is  expressed  by  vector  components,  it  becomes 

9y  _  va  +  vp  +  vs  +  vt  _  j  Sy  .. 

3x  V  +  Up  V  +  Up  3t 

Subtracting  the  mean-flow  relation 


3y  _  va  +  vg 

3x  “  v 


(11) 


from  Eq.(10),  results  in 

vt  =  (Upl^2-  “  vp)e  ■’kX  +  jwy  (vt  =  vte^Ut)  (12) 

On  the  other  hand,  the  coordinate  of  the  blade  vibrating  in  a  pure  torsion¬ 
al  mode  is  given  as  follows: 

Y(x,  t)  =  yQ(x)  VnxejnWot  (13) 

Similar  to  the  case  of  pure  bending  vibration,  the  boundary  condition  on  a  blade 
surface  is  given  by  Eq.(9).  Then  fluctuating  induced  velocity  is 

vt  =  (5p  "  Vp)e"^kx  -  (V  +  jwx)ij)  (14) 


(a)  Pure  bending  mode 


(b)  Pure  torsional  mode 


Fig. 2  Coordinates  of  vibrating  blade 

2.3  Unsteady  Aerodynamic  Force  arising  on  a  Vibrating  Blade  Subjected  to  a  Gust 
The  bound  vortex  distribution  arising  on  a  blade  due  to  the  unsteady  in¬ 
duced  velocity  vt  can  be  obtained  by  using  Sohngen's  reciprocal  formula  and 


162 


putting  x  =  -cos6 
The  result  is 


YfaO)  =  2fup[F(k)  cot|- +  £  Z  jn  'jn(k)  sin  n0)  +  2vpS(k)  cobj 

n  _ 

2wk  sin0y  ••  j 2uco t-j  c(k)y  (pure  bending  vibration)’  (15) 

2Vi jt  (jkir  sin0  +  ucot^-  C(k)  +  ij--nsin20  +  TTjk  sin0 
71  2  4 

-  {l  -  C(k)}  co tj]  (pure  torsional  vibration)  (16) 

where_  F(k)  =  (2c(k)  -  1}  [j0  (k)  -  Ji  (k)/k  -  jj,  (k) )  -  Uo(k)  -  Jj(k)/k  +  jJi(k)); 
S(k)  c(k)  are  Sears  function  and  Theodorsen  function  respectively  and  given  as 
follows : 


S(k)  =  [jo(k)  -  jJi  (k) )  c(k)  +  jjl(k)  (17) 

C(k)  =  Hl(i)(k)/{HiU)(k)  +  jHo(2)(k)}  (18) 

and  H0 ,  Hi  are  Hankel  functions. 

Unsteady  forces  arising  on  a  blade  surface  due  to  this  Yb(®)  are  given  as 
follows  by  applying  Euler's  equation  of  motion  to  the  flow  around  the  blade: 

L(t)  =>  TTpcVwp  sin$  Icot<$>  {fFf(k)  +  aFa(k)}  +  s(k))e3Wt 

-7Ipb2y  -  2npbvc(k)y  (pure  bending  vibration)  (19) 

irphyiji  +  2irpbV2(l  +  4p'C,(k)>(;  (pure  torsional  vibration)  (20) 

The  above  result  consists  of  a  lift  fluctuation  due  to  the  gust  and  one  due 
to  blade  vibration.  Besides,  moment  fluctuation  can  also  be  obtained,  as  follows: 


where 


M(t)  =  i-TipcVWp  sim}> (cot<{>  {fF^  (k)  +  aPa‘(k)}  +  s(k))e-*wt 

i-nob2VC(k)y  (pure  bending  vibration) 

-  $  +  npbV<l  +  ^-)C(k)i p 

(pure  torsional  vibration) 

Ff  =  F(k)  +  -  Ji(k),  Fa(k)  =  Jo  (k)  +  jJi(k) 

Ff  (k)  *  F(k)  +  |  jl-  J0(k)  +  2Ji(k)/k), 

Fa‘(k)  =  2[Jo(k)  -  Ji-(k)/K  +  jJi(k)) 


(21) 

(22) 

(23) 

(24) 


In  Eq. (19)-Eq. (22) ,  the  first  term  is  an  unsteady  force  acting  on  a  rigid 
blade  in  gust  flow  and  plays  the  role  of  a  forced  external  force  in  vibration 
analysis,  bet  those  forces  be  expressed  by  Lg,  Mg  hereafter.  On  the  other  hand, 
the  other  terms  show  the  forces  produced  by  a  blade  vibration  and  act  as  the 
aerodynamic  damping. 

3.  RESPONSE  OF  BLADE  DUE  TO  UNSTEADY  FORCE 

There  are  many  calculation  methods  by  which  blade  response  due  to  a  known 
external  force  can  be  obtained.  The  Transfer  Matrix  Method  is  sued  in  this  an¬ 
alysis  because  it  is  simple  to  treaty  i>nd  gives  enough  precision  in  engineering . 
The  following  are  considered  in  this  analysis:  (1)  initial  torsion,  (2)  centrifu¬ 
gal  effect  and  shear  deformation,  (3)  bending  and  torsion  coupling. 

As  the  Transfer  Matrix  Method  is  used,  the  blade  which  is  a  continuous 
system  is  divided, into  many  elements  approximately  in  a  span-wise  direction  and 
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replaced  by  a  Myklestad  model  which  consists  of  the  concentrated  mass  and  the 
massless  shaft  as  shown  in  Fig. 3 (a). 


Fig. 3(a)  Modelling  of  blade  and  coordinate  system;  (b)  Model  element  and  state 

vector 


The  cross  sectional  constants  (Ai,  l£i,  Iqi,  Ji  etc.)  at  each  cross  section  are 
different  in  a  blade  with  ununiforra  cross  section,  and  torsion  is  assumed  to 
change  stepwise  at  each  section.  Modelling  of  a  blade  and  the  coordinate  system 
are  shown  in  Fig. 3. 


3.1  Unsteady  Force 

Unsteady  forces  have  already  been  obtained  and  given  by  Eq. (19)- (22) . 
ing  H  component  of  these  forces 


Adopt- 


Lr(t)  =  L(t)  sind',  bq(t)  =  I>(t)  cosd'  (25) 

and 

£  -  y  sind',  n  =  -y  cosd’,  then 

L£(t)  =  Lg  sind'  e^Ut  -  npb2?  -  27ipbVC(k)£  + 

(TTpbV  ij»  +  2npbV2  (1  +  4p)C(k)y)  sin6’  (26) 

Similary 

lr|(t)  =  Lg  cosd'  e-)Wt  +  npb2n  +  27TpbVC(k)r>  + 

(upbwj)  +  2upbV2(l  +  -^)c(k)ij))  cosd'  (27) 

and  the  aerodynamic  moment  is 

M(t)  =  Mge^Wt  -  7tpb2VC(k)  x  (5  sind'  -  ncosd’J  jW  -  ?|pb3V  P 
-  |  pb "ip  +  trpb2V2  (1  +  4p)c(k)i^ 


(28) 


3.2  State  Vector,  Element  of  Each  Kind  of  Matrix  and  Transfer  Matrix 

In  the  coordinate  system  shown  in  Fig. 3(a),  defining  i-th  divided  point  as 
in  Fig. 3(b),  the  state  quantities  representing  the  vibration  at  this  point  are  as 
follows : 


X.Y  :  displacement  in  X  and  V  direction 
0X.0Y  :  slopes  in  X  and  Y  direction 
MX/My  :  moments  around  Y  and  X  axis 
§x,Sy  :  shearing  force  in  X  and  Y  direction 
i]},5  :  torsional  displacement  and  torque 

-  -fojfc 

These  are  all  complex  quantities  which  can  be  described  as  x  =  XeJ 
Representing  these  quantities  by  Z 

\  =  [Y,0y,Mx,Sy,X,0x,My,SX,iii,T,l]i  (29) 

By  the  way,  the  dynamical  relation  between  both  ends  of  a  elastic  beam  in  Fig. 3 
(b)  is  formed  as  follows: 

ZiM  =  FjZiL  (30) 


F  is  called  "Field  Matrix".  On  the  other  hand,  the  dynamical  relation  between 
the  two  ends  of  the  mass  element  is  also  formed  as  follows: 


=  PiZi1 


(31) 


P  is  called  "Point  Matrix".  Last,  the  coordinate  translation  matrix  associated 
with  torsion  angle  y  is  given  by  T. 

From  matrices  mentioned  above,  the  Transfer  Matrix  between  Z^+i  and  Zi  be¬ 
comes  as  follows: 


2i+l  =  Ui§i  where  =  PiT^T'1  (32) 

Representing  the  state  vectors  at  the  root  and  tip  of  the  blade  by  z0  and  Zn  res¬ 
pectively,  we  can  obtain  the  next  equation 

n 

Z„  =  un-Un-i  . U.-Uo-Zo  =  V-Z0  where  V  =  II  U*  (33) 

i=0 


3.3  Boundary  Condition  and  Simultaneous  Equation 

The  following  boundary  conditions  are  adopted  in  Eq.(33): 

Displacement  and  slope  are  zero  (fix)  at  Z  =  0 
Moment  and  shearing  force  are  zero  (free)  at  Z  =  L 

Applying  these  boundary  conditions  to  Eq.(33),  a  non-homogeneous  simultane¬ 
ous  equation  with  order  5  is  obtained.  The  state  vector  So  can  be  gotten  by 
solving  this  equation,  and  state  vectors  at  each  points  Zi  (i=l  *\>  n)  can  also 
be  calculated  sequentially  by  using  Zo. 


4 .  EXPERIMENT 


4.1  Outline  of  Rotating  Cascade  Test  Rig 

In  order  to  compare  with  the  theoretical  result,  the  test  rig  (Fig. 4)  is 
designed  so  as  to  realize  assumptions  used  in  the  present  analysis.  That  is  : 

(a)  Boss  ratio  being  large  and  having  many  blades  to  get  two-dimensionality. 

(b)  Relative  inlet  velocity  of  rotor  blade  being  about  100  m/sec,  in  order  to 
insure  incompressibility  and  the  amount  of  the  exciting  force. 

(c)  The  resonant  phenomenon  of  1st  bending  mode  occurs. 

Table  1  shows  the  rotating  cascade  test  rig  designed  with  the  above  condi¬ 
tions.  The  rotating  cascade  test  rig  is  driven  by  DC-motor  (25KW)  (J)  and  the 
compressed  air  is  released  in  atmospher  through  the  diffuser  (9) .  Inlet  guide 
vanes  (J>  and  outlet  guide  vanes  ©  are  rigid  blades  fixed  at  the  upper  and  the 
lower  casing.  The  blade  height  is  32.5  mm,  aspect  ratio  and  boss  ratio  are  1.3 
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and  0.9,  respectively..  The  velocity  triangle  and  the  stagger  angle  at  mid  span 
at  the  design  point  are  shown  in  Fig. 5. 

4.2  Experimental  Method  and  Results 

In  this  experiment,  the  wake  distribution,  the  logarithmic  decrement  of  the 
test  blade  and  its  resonant  stress  are  measured.  The  wake  distribution  and  the 
logarithmic  decrement  play  the  role  of  input  information  in  the  present  analysis, 
and  the  resonant  stress  is  the  output  information  for  comparison  with  the  theo¬ 
retical  results. 

The  measuring  method  of  wake  distribution  is  first  described.  A  lot  of 
measurements  of  wake  distribution  have  been  carried  out  in  two-dimensional  cas¬ 
cade,  but  few  in  the  rotating  cascade.  Anemometer  ior  pilot  tube  are  well  used  as 
a  sensor.  However,  in  the  present  test  rig,  the  distance  between  the  inlet  guide 
vane  and  the  rotor  blade  is  so  small  that  the  pilot  tube  could  not  used.  ■  Then 
the  total  pressure  distribution  was  measured  by  the  cylindrical  total  pressure 
tube  as  shown  in  Fig. 6. 


(|)  D.C.  motor  ©  Rotor  blade 

©  Shaft  coupling  ©  Outlet  guide  vane 

©  Shaft  ©  Blade  disk 

©  Inlet  guide  vane  ©  Diffuser 

@  Strain  gauge  ©  Slipring 

Fig. 4  Rotating  cascade  test  rig 

Table  1  items  of  rotating  cascade 


Inlet  guide  vano  Rotor  blade 


Chord  length 

c  mm 

67 

25 

Numbers  of  blade 

z 

36 

98 

Position 

Boss 

Center 

Tip 

Boss 

Center 

Tip 

Solidity 

c/t 

1.244 

1.180 

1.125 

1.25 

1.188 

1.131 

Radius 

R  mm 

312 

328.5 

345 

312 

328.5 

345 

Turning  angle 

6° 

29.87 

31.61 

33.56 

16.54 

14.91 

12.97 

Angle  of  attack 

a0 

19.0 

20.0 

21.60 

11.1 

10.0 

9.1 

Stagger  angle 

5° 

19.20 

20.00 

21.65 

33.5 

36.5 

40.2 

Lift  coeff. 

Ci  o 

1.50 

1.63 

1.9 

0.84 

0.765 

0.67 

Casing  dia. 

Inner  dia.  = 

624 

Outer 

dia.  = 

690 

Natural  freq.  of  rotor  blade  2000  Hz 


Tip  clearance  mm  0.4  %  0.8 

On  the  other  hand,  static  pressure  was  measured  at  the  upper  and  lower  wall 
surfaces.  The  velocity  distribution  can  be  obtained  from  these  results.  The  ex¬ 
citing  frequency  f<;  duo  to  the  preceding  blade  row's  wake  is  given  by 


Fig. 5  Velocity  triangle  and  stagger  angle  Fig. 6  Cylindrical  total 

at  mean  radius  pressure  tube 

(dimensions  are  in  mm) 

whore  N  is  a  rotating  speed  (rpm) ,  Z  is  the  number  of  inlet  guide  vanes  and  K 
is  the  harmonic  number  of  the  periodic  force.  As  the  natural  frequency  of  the 
test  blade  is  2010  Hz  and  there  are  36  inlet  guide  vanes,  so  the  rotating  speeds 
at  which  the  resonance  due  to  the  wake  occurs  becomes  3350  rpm  (1st  harmonic) , 

1675  rpm  (2nd  harmonic)  and  1117  rpm  (3rd  harmonic),  respectively.  Then  the  wake 
distribution  was  measured  at  these  three  rotating  speeds,  Fig. 7  shows  the  measure¬ 
ment  results  of  the  wake  distribution  of  the  inlet  guide  vanes. 

OS 

A* 

><0.4 
03 

02 
04 


0  10  20  30  0  10  20  30  40  SO  0  10  20  30  40  50  60  30  80  30 

V  m/s  V  m/s  V  m/s 


(a)  (b)  (c) 

d  :  Distance  from  trailing  edge  to  measuring  point  t  :  Pitch 

B  :  Half  chord  of  inlet  guide  vane  u  :  Velocity  defect 


Fig. 7  Wake  distribution  of  inlet  guide  vane 


Next,  the  experimental  method  for  logarithmic-decrement  measurement,  are 
described.  It  is  necessary  to  grasp  the  logarithmic  decrement  of  the  blade  be¬ 
forehand,  in  order  to  get  the  resonance  stress  of  the  blade  by  the  calculation. 
This  logarithmic  decrement  consists  of  the  material  damping,  the  structural  damp¬ 
ing  and  the  aerodynamic  damping.  In  these  throe  dampings,  only  the  aerodynamic 
damping  can  be  obtained  theoretically  and  others  have  to  be  gotten  experimentally. 
Let  the  damping  except  the  aerodynamic  one  be  represented  by  6S;  it  is  usually 
obtained  by  the  following  methods: 


(a)  Free-damped  oscillation  method 


(35) 
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(b)  Resonance  curve  method 


f 


(36) 


Method  (b)  was  adopted  in  this  experiment.  Fig. 8  shows  <5S  of  the  test  blade  and 
it  is  seen  that  it  tends  to  increase  linearly  with  the  stress  amplitude. 


Fig. 8  Logarithmic  decrement  of  test  blade  Fig. 9  Position  of  strain 

gauge  stuck  of  blade 


Last,  the  measurement  of  the  resonant  stress  of  the  blade  is  described.  The 
stress  is  measured  by  a  strain  gauge  stuck  to  the  blade,  as  shown  in  Fig. 9. 
Outputs  from  the  strain  gauge  are  led  to  a  slipring  and  amplified  by  a  dynamic 
strain  meter.  Fig. 10 (a)  shows  the  resonance  curve  of  stress  due  to  the  wake  and 
Fig. 10(b)  shows  the  resonant  stress  waves  at  each  harmonic. 


(1)  1st  harmonic  (2)  2nd  harmonic  (3)  3rd  harmonic 

(3350  rpm)  (1675  rpm)  (1117  rpm) 

(b) 

Fig. 10  (a)  Resonance  curve  of  stress  due  to  the  wake  ;  (b)  Resonant  stress 

waves  at  each  harmonic 

5.  COMPARISON  OF  CALCULATED  RESULTS  WITH  EXPERIMENTAL  ONES 

In  this  chapter,  the  validity  of  the  present  theory  is  discussed  by  compar¬ 
ing  calculation  results  with  experimental  ones.  Fig. 11(a)  shows  a  resonance 
curve  of  blade  vibration  due  to  the  1st  harmonic  component  of  the  wake.  The 
natural  frequency  of  the  test  blade  is  2010  Hz  and  the  logarithmic  decrement  is 
0.013.  The  logarithmic  decrement  used  here  is  the  value  obtained  experimentally 
beforehand. 

In  Fig. 11 (a),  the  curve  which  indicates  high  stress  level  is  the  calculation 
result  without  the  aerodynamic  damping  and  another  curve  is  the  one  with  the 
aerodynamic  damping;  the  circles  indicate  experimental  values.  The  calculation 
value  taking  into  account  the  aerodynamic  damping  is  in  good  agreement  with  the 
experimental  one,  but  if  not  the  calculation  result  is  inclined  to  be  greater 
than  an  actual  one.  Fig. 11(b)  shows  the  result  in  the  case  due  to  the  2nd  har¬ 
monic  component  of  the  wake.  This  result  also  indicates  the  same  tendency  as  in 
Fig. 11 (a).  This  fact  means  that  aerodynamic  damping  acts  on  a  blade  as  a  posi¬ 
tive  damping,  but  the  damping  effect  Is  dependent  on  th.e  reduced  frequency.  The 
damping  effect  becomes  larger  with  smaller  reduced  frequency.  This  fact  will  be 
explained  next  by  using  a  symplified  system. 
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Fig. 11  Comparison  between  the  theoretical  results  and  the  experimental 
ones  for  the  resonance  curve  due  to  the  wake  excitation 

(a)  Due  to  1st  component  of  the  wake;  (b)  Due  to  2nd  component  of  the  wake 


Gust 


7 

ry\ 

Cjt 

J|k  L’(fe) 

Fig. 12  Simplified  model  of  vibrating  blade  subjected  to  gust 

The  equation  of  motion  for  the  vibration  system  shown  in  Fig. 12  is  given  by 
Eq.  (37) 

mh  +  c<j!i  +  Kh  =  £g(k)e3wt  -  tpb2h  -  2npbvc(k)h  (37) 

Moving  the  right  hand  term  to  the  left  and  considering  C(k)  =  F(k)  +  jG(k) 
we  get 


(m  +  npb2)h  +  (Cd  +  2itpbVF(k))h 

+  (K  -  2tpbVG(k)]h  =  £g(k)e3wt  (38) 

As  the  resonant  amplitude  (corresponding  to  the  stress)  against  £g(k)  is  inverse¬ 
ly  proportional  to  the  damping  coefficient,  if  we  express  the  resonant  stress  due 
to  only  c<j  by  0O  and  the  one  due  to  (cd  +  2irpbVF(k) )  by  oa,  then  we  get  the 
next  equation: 

qa - 2! _ 

cd  +  2upbVF(k)  '  ' 

Using  the  relation  cd  =  nwn6s/ii,  V  =  a.‘nb/k  ,  Eq.(39)  can  be  rewritten  as  follows: 


°a  _  6s 

0o  <5S  *  (2n/P) lF(k)/k} 


(40) 


Fig. 13 (a)  shows  the  above  relation  in  the  case  of  p  =  637  (experimental 
value)  by  using  6S  as  a  parameter.  In  order  to  get  the  validity  of  this  figure, 
the  logarithmic  decrement  of  the  test  blade  in  rotation  was  measured.  Fig. 14 
shows  the  experimental  results.  For  example,  the  resonant  stress  due  to  the  1st 
component  of  the  wake  is  about  5  Kg/mm2  as  shown  in  Fig. 11(a).  In  this  case,  the 
logarithmic  decrement  6S  and  reduced  frequency  k  are  about  0.013  and  1.52  res¬ 
pectively.  Obtaining  the  logarithmic  decrement  5  including  the  aerodynamic 
damping  from  Fig. 13(a),  we  get  S  =  0.0165.  On  the  other  hand,  the  logarithmic 
decrement  6  obtained  from  Fig. 14  is  about  0.017  and  this  value  means  total  damp¬ 
ings  (i.e,  $s  +  <$a,  where  <$a  represents  aerodynamic  damping).  This  value  (0.017) 
being  in  good  agreement  with  the  value,  previously  mentioned  (0.0165),  the  rela¬ 
tion  indicated' by  Fig. 13  can  be  thought  to  be  reasonable. 

It  can  be  seen  from  Fig. 13 (a)  that  when  p  is  constant,  the  aerodynamic 
damping  effect  on  the  stress  increases  with  6S,  k  becoming  small.  On  the  other 
hand.  Fig. 13(b)  shows  the  relation  of  Eq.(40)  in  the  case  of  p  =  20  and  indicates 
that  the  aerodynamic  damping  effects  are  important  even  in  a  region  of  large  k 
when  p  is  small.  These  figures  are  results  in  the  case  of  i  =  90"  but  these  are 
the  same  too  for  other  <t>  values. 

Finally,  the  theoretical  and  experimental  values  of  resonant  stress  due  to 
each  harmonic  components  of  the  wake  In  the  case  of  d/B  =  0.18,  d/B  =  0.54  is 
shown  in  Table  2.  it  is  seen  from  this  table  that  the  '  ■'retical  values  are  in 
very  good  agreement  with  the  experimental  ones. 
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Pig. 13  Effect  of  aerodynamic  damping  6S  on  resonant  stress 


Fig. 14  Measurement  of  total  logarithmic  decrement  of 
rotating  blade 


Table  2  Theoretical  and  experimental  values  of  resonant  stress 
due  to  each  harmonic  component 


n 

Vrn 

m 

wpn 

m 

«n(Th) 

kg/mm2 

on (Ex) 
kg/mm2 

i 

100 

7.24 

1.52 

0.013 

5.72 

5.1 

2 

50 

1.04 

3.04 

0.007 

0.95 

1.06 

3 

33 

0.65 

4.56 

0.006 

0.26 

0.3 

(d  /  B  =  0.18) 

n 

Vrn 

m 

wpn 

m 

On (Th) 
kg/mm2 

on (Ex) 
kg/mm 

i 

100 

5.56 

1.52 

0.012 

4.69 

4.0 

2 

50 

1.02 

3.04 

0.007 

0.61 

0.64 

3 

33 

0.42 

4.56 

0.006 

0.17 

0.2 

(d  /  B  »  0.54)  Th  :  Theoretical  value 


Ex  :  Experimental  value 
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6.  CONCLUSION 


The  present  paper  treats  the  vibration  of  the  compressor  blade  with  large 
mass  ratio  and  small  camber  when  the  rotor  blade  passes  through  the  wake  shed 
from  the  preceding  blade  row;  The  stress  evaluation  method  was  presented  and 
its  validity  was  confirmed  by  comparing  with  experiment. 

The  following  conclusions  were  obtained: 

(1)  The  unsteady  force  derived  from  isolated  airfoil  theory  can  be  used  as  the 
external  force  in  predicting  the  resonant  stress  of  the  blade,  but  this  approach 
tends  to  over-predict  the  actual  values. 

(2)  As  the  present  analytical  result,  obtained  by  also  considering  the  unsteady 
force  due  to  the  blade  vibration,  is  in  good  agreement  with  the  experimental  one, 
we  can  expect  to  get  a  more  accurate  evaluation  than  the  analysis  which  ignored 
the  aerodynamic  damping. 

(3)  It  is  clarified  that  the  effect  of  aerodynamic  damping  on  the  resonant  stress 
is  large  for  small  structural  (with  material  damping)  damping  and  small  reduced 
frequency,  and  that  if  p  becomes  small,  the  aerodynamic  damping  effect  appears 
in  the  region  of  large  reduced  frequency.  This  fact  is  independent  of  the  angle 
$  which  is  made  by  the  rotor  blade  and  the  stator  blade. 

Since  the  unsteady  aerodynamic  force  used  in  :the  present  analysis  was  de¬ 
rived  from  an  isolated  airfoil  theory,  this  force  can  be  applied  only  to  a  cas¬ 
cade  with  low  solidity.  However  in  a  real  cascade,  the  natural  frequency  of  each 
blade  is  not  always  the  same,  so  the  vibrational  phase  difference  between  ad¬ 
jacent  blades  varies  with  time  and  the  amplitude  is  not  always  the  same  too. 

Then  it  is  thought  to  be  difficult  to  examine  these  effect  in  detail. 

From  above  reason,  the  present  analysis  is  useful  for  predicting  the  reso¬ 
nant  stress  of  the  blade  in  engineering  because  it  is  in  good  agreement  with  the 
experiment. 
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ABSTRACT 

Performance  of  a  set  of  torus-shaped  nutation  dampers,  suitable  for  arrest¬ 
ing  relatively  low  frequency  oscillations,  is  studied  experimentally  using  a  sim¬ 
ple  test  facility.  Results  suggest  damping  characteristics  to  be  particularly 
sensitive  to  physical  properties  of  the  liquid  used,  its  height  in  the  torus, 
damper  geometry,  and  dynamical  parameters  representing  amplitude  and  frequency. 
Among  the  configurations  studied,  dampers  with  perforated  Inside  tubes,  baffles, 
horizontal  layers  and  floating  rectangular  pieces  of  wood  in  flow  showed  most 
favorable  performance  in  terms  of  energy  dissipated  per  unit  volume.  Tests  on  two 
and  three  dimensional  models  in  smooth  flow  and  boundary  layer  tunnels,  with  the 
models  undergoing  vortex-induced  resonance  and  galloping  conditions,  suggest  that 
nutation  dampers  can  effectively  suppress  both  forms  of  instabilities  over  a  wide 
range  of  wind  velocity.  The  concept  is  likely  to  be  suitable  in  industrial  aero¬ 
dynamics,  earthquake  and  ocean  engineering  problems. 


1.  INTRODUCTION 

Response  of  aerodynamically  bluff  bodies  when  exposed  to  a  fluid  stream  has 
been  a  subject  of  considerable  study  for  quite  some  time.  The  prevention  of  aero- 
elastic  vibrations  of  smokestacks,  transmission  lines,  suspension  bridges,  tall 
buildings,  etc.,  is  of  particular  interest  to  engineers.  Ever  since  the  pioneer¬ 
ing  contribution  by  Strouhal,  who  correlated  periodicity  of  the  vortex  shedding 
with  the  diameter  of  a  circular  cylinder  and  velocity  of  the  fluid  stream,  there 
has  been  a  continuous  flow  of  important  contributions  resulting  in  a  vast  body  of 
literature.  This  has  been  reviewed  rather  adequately  by  Ccrmak  (1).  In  general, 
the  oscillations  may  be  induced  by  vortex  resonance  or  geometric-aerodynamic  in¬ 
stability  called  galloping. 

Several  passive  devices  such  as  helical  strakes,  shrouds,  slats,  tuned  mass 
dampers,  etc.,  have  been  proposed  over  years  and  have  exhibited  a  varying  degree 
of  success  in  minimizing  the  effects  of  vortex  induced  and  galloping  types  of 


instabilities  [2j .  In  general, 
the  vibration  suppressing  devices 
tend  to  change  aerodynamic 
characteristics  of  the  structure 
in  such  a  way  as  to  interfere  with 
and  weaken  the  existing  force 
while  the  dampers  provide  a 
mechanism  for  dissipating  energy. 
Motivation  for  the  current 
investigation  came  from  the 
spacecraft  technology  where  torus 
shaped  partially  filled  ring-type 
nutation  dampers  (Figure  1)  are 
frequently  used  to  control  very 
long  period  (around  1.5  -  24 
Figure  1  Nutation  damper  configuration  hours)  librational  motion.  As  the 

frequency  of  oscillations 
encountered  in  wind  induced  instability  of  bluff  bodies,  earthquake  response 
of  buildings,  and  wave  excited  vibrations  of  off-shore  structures  is  relatively 
small,  it  was  thought  appropriate  to  explore  applicability  of  nutation  dampers 
to  this  class  of  problems. 


2.  DAMPING  RATIO  AND  ENERGY  DISSIPATION 

A  nutation  damper  can  be  characterized  by  its  dimensions,  physical 
properties  of  the  liquid  contained,  oscillation  characteristics  as  well  as  the 
system  inertia  under  which  the  damper  responds.  The  variables  Involved  may  be 
classified  as  follows: 


• 

Geometrical  Dimensions 

ring  diameter 

D 

cross-section  diameter 

d 

surface  roughness 

e 

ilquid  height 

h 

• 

Physical  Properties  of  Liquid 

:  density 

P 

viscosity 

U 

surface  tension 

0 

• 

System  Dynamical  Properties 

:  frequency 

f 

amplitude 

a 

total  mass 

M 

inherent  damping 

ns 

• 

Natural  Parameter 

:  gravitational  acceleration 

S 

The  twelve  basic  variables  with  three  dimensions  lead  to  nine 
dimensionless  members: 


dimensionless  amplitude  of  oscillations  itj  »  a/d 

dimensionless  liquid  height  n2  »  h/d 

dimensionless  surface  roughness  =  e/d 

inertia  stress/viscous  stress  (Reynolds  number)  ti4  »  pd2f/p 

shape  factor  n5  =  D/d 

liquid  fraction,  mass  of  liquid/total  mass  n6  =  pd3/M 

inherent  damping  ratio  n7  = 
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inertia  force/surface  tension  force  (Weber  number)  tig  »  pd3f2/o 
inertia  force/gravity  force  (Froude  number)  tt9  »  f*d/g 

Note,  these  represent  only  the  parameters  associated  with  the  fundamental 
geometry  of  the  damper.  Any  modification  to  the  internal  geometry  would  add  to 
the  variables  and  the  corresponding  group  of  the  n-numbers.  The  list  of 
parameters  given  below  refers  to  specific  changes  in  the  basic  internal 
configuration  aimed  at  increasing  the  damping  due  to  sloshing  motion  of  the 
liquid: 


• 

Spheres  (Balls)  in  the  Flow 

:  number  of  balls 

n 

ball  diameter 

db 

• 

Screens 

:  number  of  screens 

n 

open  area 

A 

• 

Inside  Tube  with  Perforations 

:  tube  diameter 

di 

tube  height 

h* 

hole  size 

q 

number  of  holes 

no 

• 

Baffles 

:,  baffle  height 

h’ 

baffle  area 

b 

number  of  baffles 

n 

• 

Horizontal  Layers 

:  number  of  layers 

H 

• 

Pieces  of  Wood  in  Flow 

volume 

V 

number 

nw 

The  corresponding  a  numbers  are  readily  obtained  as  the  variables  are  mostly 
dimensionless  or  have  the  dimension  of  length.  They  were  nondimensionlized  with 
respect  to  * d ' .  Damping  characteristics  were  assessed  through  the  use  of  two 
criteria:  the  damping  ratio  n  and  the  dimensionless  energy  dissipation  parameter 


«,f 


Ed/f2a2 


where: 


(E 


V 


M„ 


total  energy  dissipated  per  cycle  »  [  (k/2  )(^x~x^+l  )]/">  ! 
spring  stiffness; 

spring  amplitude  of  oscillation  after  ith  cycle; 

energy  dissipated  by  the  system  alone  (excluding  damper); 

mass  of  the  liquid  in  damper; 

number  of  cycles; 

damped  natural  frequency; 

initial  displacement  of  damper. 


The  two  criteria  are  related. 


2.1  Static  Stand  Test  Facility  and  Models 


To  assess  effectiveness  of  the  damper  during  nutational  motion,  a  static 
stand  was  designed.  Essentially  it  consisted  of  a  1.2  m  swing  arm  pivoted  by  a 
ball  bearing  at  one  end  and  supported  by  two  springs  whose  stiffness  and  loca¬ 
tions  can  be  changed  so  as  to  provide  a  desired  range  of  natural  frequencies. 
The  frequency  of  oscillation  was  monitored  through  a  strain  gauge,  mounted  on  a 
clamp  connected  to  one  of  the  springs,  in  conjunction  with  a  bridge  amplifier 
meter  and  a  Bruel  and  Kjaer  type  2305  level  recorder  (Figure  2),  which  also 
provided  the  time  history  of  the  amplitude  decay. 

A  family  of  twenty-seven  dampers  was  designed  to  carry  out  the  parametric 
study.  Details  of  the  models  which  proved  to  be  relatively  more  effective  are 
given  in  Table  I.  Characteristics  of  nutation  dampers  were  studied  through  a 
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systematic  variation  of  nine  dimensionless  parameters  including  h/d;  Reynolds, 
Froude  and  Weber  numbers;  D/d;  frequency  parameter;  etc. 


NUTATION  DAMPER 


Figure  2  A  schematic  diagram  of  the  static  stand  test  facility 


Table  I  Details  of  some  of  the  damper  models  used  In  the  test  program 


Damper 

Dimensions 

Description 

d 

(cm) 

0 

(cm) 

internal 

Configuration 

Cross-Section 

Material 

Weight 

(gms) 

Capacity 

(ml) 

1 

2.4 

33.1 

plain 

circular 

rubber 

914 

422 

2 

3.4 

15.9 

plain 

square 

plexiglas 

1710 

640 

7 

2.6 

6.65 

plain 

circular 

plastic 

26 

167 

7A 

.3.0 

8.3 

plain 

circular 

plastic 

27 

184.1 

7B 

2.8 

7.6 

plain 

circular 

plastic 

18 

157.6 

7C 

2.4 

5.5 

plain 

circular 

plastic 

12 

78 

8 

1.9 

28.9 

plain 

circular 

copper 

842 

235 

9 

1.55 

23;6 

plain 

circular 

polyethylene 

215 

136 

16 

15.9 

perforated  tube 

square 

plexiglas 

1740 

635 

17 

15.9 

baffles 

square 

Plexiglas 

1710 

640 

18 

15.9 

middle  layer 

square 

plexfglas 

1771 

589 

19 

15.9 

pieces  of  wood  in  flow' 

square 

plexiglas 

1710 

640 

2.2  Damper  Characteristics 


The  amount  of  Information  collected  through  a  planned  variation  of  the 
system  parameters  is  rather  extensive;  however,  for  conciseness,  only  a  sample 
of  data  suggesting  trends  is  presented  here. 

2.2.1  Effect  of  height/section  diameter  (h/d)  ratio 

Damping  ratio  n  and  energy  dissipation  rate  Ea  ^  are  highly  dependent  on 
the  liquid  height.  For  the  circular  cross-section  damper  (Damper  1  in  Figure  3), 
optimum  value  of  the  liquid  height  parameter  leading  to  a  maximum  n  was  found  to 
be  in  the  range  3/4  -  1.  The  parameters  pd3f2/c  (Weber  number)  and  f2d/g 
(Froude  number)  have  only  a  slight  effect  on  this  optimum  value.  However, 

Ea  has  a  tendancy  to  be  maximum  for  low  values  of  h/d,  typically  equal  to 
1/d.  In  other  words,  the  Increase  in  damping  n  with  h/d,  as  observed  in  Figures 
3(a)  and  (b),  is  at  a  cost  of  an  increase  in  the  amount  of  liquid. 


The  square  cross-section  damper  (Damper  2)  showed  similar  trends  at  rela¬ 
tively  high  values  of  pd2f/u,  pd3f2/o  and  f2d/g  (i.e.,  higher  frequencies), 
where  n  reached  a  maximum  for  h/d  close  to  1  (Figure  3c).  However,  at  lower 

values  of  pdJfvcr  and  f^d/g  (lower  frequencies),  Hand  Eg  ^  are  both  optimal  for 
h/d  around  1/8  (Figure  3d).  It  should  be  mentioned  that  experiments  with  vis¬ 
cous  engine  oils  (i.e.,  very  small  pd"f/p)  showed  similar  trends,  suggesting 
that  the  optimal  damping  as  a  function  of  h/d  is  essentially  unaffected  by  the 
pd2f/u  parameter. 


In  summary,  there  is  a  value  of  h/d  for  which  the  damping  is  optimal.  It 
depends  on  Pd3f2/o,  f2d/g  (frequency),  D/d  and  cross-sectional  shape  (geometry). 
This  value  is  typically  in  the  range  3/4  -  1,  although  it  is  shifted  towards  the 
lower  end  in  some  cases  due  to  reduced  contribution  of  the  top  surface  at  lower 
frequency  and  liquid  height.  Energy  dissipation  rate  was  found  to  be  generally 
naximum  at  low  h/d,  typically  <  1/8,  when  there  is  high  contact  surface  area 
per  unit  volume  of  water. 


2.2.2  Reynolds  number  (pd2f/u) 


To  assess  the  effect  of  Reynolds  number,  liquid  viscosity  ( U/  was  changed 
using  water  and  various  types  of  engine  oils  in  Damper  2,  for  selected  frequen¬ 
cies.  Tills  helped  isolate  the  influence  of  surface  tension  (o)  and  gravity  (g) 
at  a  given  value  of  the  Reynolds  number.  Results  showed  damping  coefficient  n 

and  energy  dissipation  rate  Ea  f  to  Increase  slowly  as  the  Reynolds  number 
decreased  except  for  pd3f2/o  =  o’.61.  Similar  trends  were  observed  for  constant 
values  of  f  d/g  (Froude  number).  The  reversal  of  trend  for  PdJf  /o  =  0.61  at 
low  values  of  Pd^f/u  would  suggest  a  change  in  damping  and  energy  dissipation 
mechanism  which  is  now  governed  by  the  liquid  resonance  as  against  viscosity. 


2.2.3  Influence  of  ring  dlameter/sectlon  diameter  (D/d)  ratio 


Figure  4  shows  the  effect  of  ring  diameter  (D)  on  the  dissipation  process 
in  high  and  low  frequency  regimes  with  the  tube  cross-sectional  diameter  (d) 
held  fixed.  At  a  relatively  higher  frequency  (1  *  2.27  Hz),  both  the  damping 
ratio  and  the  energy  dissipation  function  decrease  with  an  increase  in  the  ring 
to  tube  diameter  ratio  (D/d  <  10).  Note,  at  higher  D/d,  the  damping  ratio  incr¬ 
eases  due  to  a  larger  volume  of  the  liquid,  however,  more  accurate  assessment  of 

the  efficiency  is  reflected  by  E  ,  which  remains  essentially  constant  in  this 


range  (D/d  >  10).  At  low  frequency  (f  ■  0.22  Hz)  this  trend  is  reversed.  Hand 

Eg  j  remain  essentially  constant  over  a  range  of  D/d  extending  from  0  to  8 
(sfight  variation  in  location  of  the  critical  point  according  to  liquid  height 
h/d),  and  suddenly  rise  to  much  higher  values  at  larger  D/d.  Again  this  may  be 
attributed  to  the  liquid  resonance  condition. 


O 

Keeping  the  Reynolds  number  (pd  f/p)  constant  permits  a  study  of  the 
combined  effect  of  Weber  and  Froude  numbers.  The  results  showed  that  there  is  a 

critical  region  where  n  and  Ea  £  are  much  higher.  The  critical  range  associated 
with  the  liquid  resonance  was  around  0.4  -  1.0  for  the  Weber  number  and  (1.5  - 
4.0)10” 3  for  the  Froude  number.  This  dependence  on  the  Weber  and  Froude 
numbers,  regardless  of  the  viscous  contribution,  points  out  the  importance  of 
the  free  surface.  Surface  tension  and  gravity  forces  appearing  in  the  Weber  and 
Froude  numbers,  respectively,  indeed  affect  the  oscillatory  motion  of  the  free 
surface.  However,  contribution  of  the  surface  tension  force  is  expected  to  be 
insignificant  here.  On  the  other  hand,  gravity  represents  the  restoring  force 
during  sloshing  motion,  hence,  the  Froude  number  should  be  predominant.  The 
effect  of  the  Froude  number  is  primarily  confined  to  the  critical  region  only, 
where  the  natural  frequency  of  the  sloshing  liquid  (which  is  a  function  of  grav¬ 
ity  and  therefore  of  the  Froude  number)  coincides  with  the  excitation  frequency 

leading  to  maximum  Eg  £  and  n. 


Additional  sets  of  experiments  were  carried  out  to  measure  the  influence 
of  frequency  alone  (for  the  same  liquid),  which  involves  a  variation  of  the  «- 
numbers  in  pd2f/u,  pd3f2/o  and  f2d/g  simultaneously.  Dampers  1,  2,  7,  8  and  9 
were  used  to  this  end  (Figure  5).  Since  the  influence  of  pd2f/u  is  quite  smooth 
(continuous)  and  surface  tension  is  not  an  important  parameter  here,  the  effect 
of  a  change  in  frequency  is  mostly  reflected  through  the  Froude  number.  For  a 
given  D/d  ratio,  corresponding  to  a  given  damper,  there  is  a-  region  for  which 
damping  is  significantly  higher.  This  region  is  the  low  frequency  area  for  high 
D/d  ratios  (e.g.,  D/d  »  15.2),  and  is  shifted  to  higher  frequencies  as  D/d  de¬ 
creases  (e.g.,  D/d  =  4.5  and  2.65).  This  reinforces  the  conclusion  arrived  at 
earlier.  Changes  in  damping  in  this  critical  region  are  again  sudden  and  dras¬ 
tic  and  therefore  there  is  a  relationship  between  the  critical  region  location, 
D/d  ratio  and  Froude  number  f2d/g,  corresponding  presumably  to  the  first  natural 
frequency  of  the  sloshing  liquid.  A  series  of  tests  separately  undertaken  (not 
discussed  here)  verified  this  premise.  It  is  interesting  to  note  that  Damper  2 
(i.e.,  D/d  “  4.5)  shows  a  second  peak  at  f  ■  2.10  Hz,  which  corresponds  to  the 
second  natural  frequency  of  the  liquid. 

2.2.6  Modified  Internal  configurations 

A  large  number  of  tests  aimed  at  assessing  the  influence  of  modifications 
in  the  internal  geometry  on  the  energy  dissipation  process  were  undertaken. 
They  Included  introduction  of:  (1)  surface  roughness;  (11)  spheres  in  flow; 
(iii)  screens;  (Iv)  perforated  tube;  (v)  baffles;  (vi)  horizontal  partition; 
(vil)  floating  pieces  of  wood.  Some  of  the  more  promising  results  are  summar¬ 
ized  here  (Figure  6).  -  In  the  high  frequency  range,  perforated  Inside  tube  de¬ 
vice  and  floating  pieces  of  wood  exhibit  highest  peak  values  of  n,  while  baffles 
show  more  consistent  improvement  over  the  entire  range  of  h/d.  The  two  layer 
damper  is  not  competitive  at  high  frequency,  but  is  most  successful  in  the  low 
frequency  range  (f  “  0.22  Hz).  As  can  be  expected,  the  energy  dissipation 


Figure  5  Effect  of  frequency  and  damper  diameter  ratio  D/d  on  the  dissipation 
functions  q  and  Ea  f 


Figure  6  Comparative  performance  of  several  more  promising  damper 
configurations 
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rate  Ea  ^  showed  peak  values  in  the  low  range  of  h/d  where  this  class  of 
nutation  dampers  are  most  efficient,  whereas,  Figure  6  emphasizes  high  values  of 
h/d  where  damping  ratios  are  maximum.  Thus,  design  of  a  damper  will  be  a 
compromise  dictated  by  the  structural  frequency  together  with  the  physical 
constraint  represented  by  D/d.  The  ultimate  objective  would  be  to  minimize  the 
damper  mass  and  yet  attain  the  liquid  resonance  for  optimal  damping. 

3.  WIND  INDUCED  INSTABILITY  STUDIES 

Effectiveness  of  the  dampers  in  controlling  vortex  resonance  and  galloping 
instabilities  for  a  family  of  two  and  three  dimensional  models  was  studied  in 
both  laminar  and  turbulent  flows.  A  closed  circuit  laminar  flow  wind  tunnel 
with  a  test-section  of  0.69  x  0.91  x  2.44  m  is  able  to  produce  a  stable  flow 
with  velocity  ranging  from  0.3  -  30  m/s  and  turbulence  level  of  less  than  0.1%. 
Turbulent  flow  tests  were  conducted  in  a  boundary  layer  tunnel  (1.58  x 
2.44  x  24.4  m)  with  20.74  m  of  roughness  board  installed  in  the  test-section 
upstream  of  the  model  to  produce  desired  boundary  layer  thickness  and  turbulence 
intensity. 

Two  different  air-bearing  systems  were  used  during  the  test  programme. 
The  first  system  was  essentially  composed  of  four  bearing  blocks  located  outside 
the  tunnel  test-section,  two  on  the  top  and  two  at  the  bottom,  carrying  sliding 
shafts  which  in  turn  support  the  model  under  test  (Figure  7).  The  system  enab¬ 
les  the  model  to  travel  transverse  to  the  direction  of  the  free  stream  thus 
simulating  a  two-dimensional  plunging  motion.  The  second  air-bearing  system 
supports  a  shaft  which  is  free  to  rotate  about  its  longitudinal  axis  (Figure  8) . 
When  attached  to  a  model  the  shaft  acts  as  a  free  pivot  point  and  provides  a 
rigid  body  rotational  motion  with  one  degree  of  freedom.  The  longitudinal  dis¬ 
placement  of  the  model  in  plunging  was  measured  by  an  electromagnetic  trans¬ 
ducer.  The  time  history  of  the  model  displacement  in  the  second  case  was 
obtained  using  a  simple  strain  gauge  device. 

The  dampers  were  mounted  on  a  variety  of  different  models  during  the 
tests.  The  models  had  either  circular  or  square  cross-section.  The  two-dimen¬ 
sional  models  essentially  spanned  the  height  of  the  tunnel  (0.69  m)  while  the 
models  of  finite  span  simulated  three  dimensional  conditions  (Table  II). 


Table  II  Physical  description  of  aerodynamic  models 


MODEL 

1,2-D 

H,  2-D 

DI, 3-D 

DC,  3-D 

X,  3-D 

in  ,  2-D 

CROSS- 

SECTIONS 

Q5>m 

□132  mm 

CCsi  mm 

□  ]>  mm 

| 

102  fh(D 

LENGTH  (mm) 

686 

686 

483 

705 

483 

686 

MATERIAL 

ALUMINUM 

BALSA 

BALSA 

BALSA 

BALSA 

BALSA 

MASS  (g) 

383 

234 

253 

•  VARIABLE 

376 

124 

3,1  Damper  Performance  in  Smooth  Flow 

The  aerodynamic  instability  for  a  circular  cylinder  exposed  to  a  fluid 
stream  is  due  to  vortex  shedding.  In  this  set  of  tests,  Models  I,,  IV  and  V 


were  used  in  conjunction  with  several  dampers  at  different  natural  frequencies 
of  the  model  and  system  mass  parameter  M/LmPad^  (where  M  =  total  system  mass, 
Lm  =*  model  length,  Pa  =  air  density,  dm  «*  model  diameter  or  width).  Typical 
results  are  shown  in  Figures  9  .and  10.  Here  U,  the  dimensionless  free  stream 
velocity  is  defined  as  UM/<ondm  where  U*,  represents  the  free  stream  velocity 
and  wn  is  the  system's  natural  frequency.  Note,  with  the  plain  damper  7B  (D  = 
76  ram,  d  =  29  ran)  the  dimensionless  amplitude  V  (y/inodel  width)  at  resonance  is 
dramatically  reduced  from  around  0.575  for  the  empty  damper  to  0.02  when  half- 
filled  with  water,  a  96.5%  reduction.  The  performance  remains  equally 
impressive  even  with  the  smaller  damper  7C  (Figure  9). 

Figure  10  shows  vortex  resonance  response  In  the  presence  of  two  different 
dampers  with  modified  internal  configuration.  The  results  are  presented  for  two 
aerodynamic  models  having  different  values  of  mass  parameter  and  natural  frequ¬ 
ency.  As  the  objective  is  to  assess  relative  effectiveness  of  the  damper  con¬ 
figurations,  the  liquid  height  was  held  fixed  during  a  set  of  tests.  To  facili¬ 
tate  comparison,  corresponding  results  for  the  plain  damper  are  also  included. 

At  a  high  frequency  (f  =  3.17  Hz,  Model  VI),  the  effect  of  internal 
modification  in  the  damper  geometry  through  introduction  of  baffles  or 
perforated  tube  on  amplitude  of  oscillations  appears  to  be  Insignificant  when 
the  liquid  depth  is  small  (h/d  *  1/6).  However,  for  h/d  =  3/6,  the  situation 
changes  dramatically.  With  the  plain  damper,  the  amplitude  resonance  is 
reduced  by  around  12%.  The  damping  effectiveness  improves  '  •  with  baffles 
and  the  oscillations  are  virtually  arrested  completely  wit  .ne  perforated 
tube. 


At  a  relatively  low  frequency  of  f  ■=  1.9  Hz  (Model  V),  the  damper  config¬ 
urations  are  sensitive  to  even  small  h/d  of  1/6.  However,  at  h/d  ■»  3/6  there  is 

MODEL  I  (0,2-0) 

K  =  212  N/m  ,  f  =4.8  Hz 


Figure  9  Plots  showing  effectiveness  of  dampers  7B  and  7C  in  controlling 
vortex  Induced  instability  of  a  two  dimensional  circular  cylinder 
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little  difference  in  the  response  and  all  configurations  damp  the  motion  suc¬ 
cessfully.  Thus  appropriate  choice  of  damper  configuration  and  liquid  height 
for  a  given  situation  will,  be  governed  by  the  natural  frequency  of  the  system. 

For  square  prisms,  galloping  occupies  a  more  important  position  than  vor¬ 
tex  .resonance  so  far  as  the  aerodynamic  instabilities  are  concerned.,  Effective¬ 
ness  of  the  ring  dampers  in  controlling  galloping  motion  is  illustrated  in 
Figure  11.  Oscilloscope  records  of  the  vibratory  response  are  displayed  at 
appropriate  locations  to  facilitate  understanding.  The  results  show  the  nuta¬ 
tion  damper  to  be  remarkably  effective  even  for  water  level  as  low  as  h/d  *■ 

0.18.  Note,  in  absence  of  the  damping  fluid,  the  classical  vortex  resonance 
peak  appears  at  around  U  =  1.25  followed  by  a  hysterisis  loop  indicating  two 
equilibrium  positions.  In  this  region,  equilibrium  state  of  the  model  jumps 
from  a,  low  level  to  a  high  value  when  subjected  to  an  external  disturbance.  At 
U  =  5,  large  amplitude  oscillations  set  in  which  quickly  exceeded  the  limit  of 
the  test  arrangement.  However,  with  damping,  not  only  the  vortex  resonance  is 


Figure  10  Effect  of  damper  configurations  on  vortex  resonance 


essentially  eliminated  but  also  the  onset  of  galloping  is  delayed  or  suppressed 
completely  over  the  entire  operating  range  of  the  tunnel  velocity.  Even  with 
the  water  level  as  low  as  h/d  »  0.18,  onset  of  the  galloping  instability  as 
indicated  by  the  start  of  a  hysterisis  loop  is  delayed  to  U  as  large  as  22. 
Results  with  the  larger  nutation  damper  7A  were  even  more  spectacular.. 

Figure  12  attempts  to  assess  influence  of  modifications  in  the  damper's 
internal  geometry  on  galloping  response  of  a  three  dimensional  model.  It  is 
apparent  that  irrespective  of  the  liquid  heights  used  both  the  dampers,  with 
baffles  and  perforated  tube,  remain  equally  effective  in  suppressing  galloping 
instability  over  a  wider  range  of  wind  speeds.  The  same  is  true  with  the  plain 
damper.  However,  the  amplitudes  of  oscillations  here  are  relatively  small  sug¬ 
gesting  smaller  excitation  force  compared  to  the  weight  of  the  model.  Damping 
required  to  arrest  the  motion  being  small,  the  role  of  configuration  becomes 
unimportant.  Experiments  with  a  larger  model  resulting  in  higher  excitation 
force  and  hence  larger  galloping  amplitude  confirmed  this  observation.  The 
results  (not  presented  here)  showed  perforated  tube  configuration  to  perform 
better  also  during  galloping. 


Figure  11  Damper  effectiveness  in  controlling  galloping  response  of  a  two- 
dimensional  square  prism  in  laminar  flow 

3.2  Damper  Performance  in  Turbulent  Flow 

As  in  the  actual  practice,  an  engineering  structure  (smokestacks,  build¬ 
ings,  bridges,  etc.)  is  generally  exposed  to  a  turbulent  boundary  layer,  it  was 
essential  to  study  system  response  under  similar  simulated  condition.  Typical 
results  under  this  condition  are  displayed  in  Figure  13,  which  also  accounts  for 
three  dimensional  character  of  the  prototype. 
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In  absence  of  any  damping  liquid,  the  galloping  instability  sets  in  at  U- 
8.2.  However,  with  damper  7A -Half-full,  the  galloping  oscillations  are  complet¬ 
ely  suppressed  over  the  entire  range  of  the  tunnel  velocity.  The  response  re¬ 
mains  unaltered  even  for  h/d  ■  0.3.  Note,  with  h/d  as  low  as  0.18,  onset  of  the 
hysterisis  loop  is  delayed  to  U  =  16.4.  As  anticipated,  galloping  amplitudes 
were  found  to  be  smaller  in  the  turbulent  flow  compared  to  those  observed  in  the 
laminar  case.  This  may  be  attributed  to  a  reduction  in  the  organized  energy 
input  to  the  system. 


Figure  12  Effect  of  damper  configurations  on  galloping  response 


4 .  CONCLUDING  REMARKS 

The  experimental  program  has  attempted  to  assess  the  influence  of  more 
significant  parameters  on  the  energy  dissipation  process.  The  amount  of  inform¬ 
ation  obtained  is  rather  extensive  and  would  be  useful  in  the  design  of  effic¬ 
ient  dampers  for  a  wide  range  of  applications.  The  proposed  nutation  dampers 
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represent  a  useful  concept  In  minimizing  the  effects  of  wind  induced  instabil¬ 
ities.  They  showed  encouraging  performance  during  both  vortex  induced  and  self- 
excited  galloping  type  of  oscillations.  The  experiments  also  demonstrated 
effectiveness  of  the  dampers  for  either  two  dimensional  plunging  motion  or  pivo¬ 
ted  rigid  body  rotation  for  three  dimensional  models  both  in  laminar  and 
turbulent  flows. 


3.0 


2.0 


1.0 


PHYSICAL  LIMITS  ±6.6  cm 


h/d 

• 

0.00 

▼ 

0.50 

o 

0.30 

A 

0.18 

HYSTERESIS 

LOOP 


U>un 


u<ucr 


I  DAMPER  7A,  D  *  83  mm  ,  d  *  30  mm 

\  MODEL  IH  ( M  ,  3-D) _ 

K  *  212  N/m 


h/d  *  0.5  ,0.3  totally  suppressed  the  oscillation 


0  >na.»  paata 

0  10  20 


V 


Figure  13  Galloping  response  of  a  three  dimensional  square  prism  in  a 
turbulent  flow 
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ABSTRACT 

The  description  of  an  offshore  scaffold  bridge  consisting  of 
bridge  desk  supported  by  row  of  pile-shells  is  given.  The  transient 
loadings  are  discussed.  The  problem  of  the  dynamical  structure-li¬ 
quid  interaction  is  solved  by  a  method  of  successive  approximations. 
Engineering  estimations  are  presented. 

1.  INTRODUCTION 

1.1.  General  Considerations 

Circular  cylindrical  structural  components  are  widely  used  in 
offshore  engineering  structures  (ocean  scaffold  bridges  for  petrole¬ 
um  production,  piers,  ocean  oil  platforms,  etc.).  The  calculation 
of  such  structures  is  always  connected  with  estimations  of  hydrody- 
namical  loadings  of  different  nature.  These  loads  result  from  the 
dynamical  liquid-structure  interaction.  The  structural  component  vi¬ 
brations  can  be  forced  as  a  consequence  of  any  technological  proces¬ 
ses  connected  with  the  operation  of  the  equipment  which  is  disposed 
on  the  bridge  deck i  in  other  cases  the  vibration  can  be  produced  by 
earthquake  waves  propagating  along  the  ideal  ocean  bottomj  the  last 
case  is  when  the  vibration  excitation  is  produced  by  waves  propaga¬ 
ting  in  ocean  water  stratum  (due  to  underwater  explosions,  earthqua¬ 
kes,  etc.).  In  every  one  of  these  three  excitation  cases  the  hydro- 
dynamical  loading  determination  must  be  made  separately  taking  into 
account  the  specific  peculiarities  of  the  system. 

1.2.  Structural  Description 

In  shallow  water  with  constant  depth  h  a  scaffold  bridge  is 
built.  It  consists  from  a  row  long  cylindrical  shells  serving  as 
supports  of  the  bridge  deck.  The  geometrical  dimensions  and  their 
designations  are  given  in  Fig.1.  The  shells  are  lineary  elastic, 
and  clamped  on  the  ocean  bottom. 

1.3.  Pile-Shells 

Usually  the  circular  cylindrical  structural  components  (used 
as  supports)  have  been  produced  in  shape  of  tubes,  or  (if  radius  R 
is  larger)  in  shape  of  shells.  Thus  their  floating  transport  to  the 
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assembly  place  is  easier.  But  after  sinking  into  place  they  are  fil¬ 
led  with  well  compacted  sand  -  to  he  heavier  and  to  turn  into  piles. 
The  piles  have  uniform  cross  sections,  and  as  a  consequence  -  bet¬ 
ter  rigidity. 


Fig.1.  Scaffold  bridge  in  shallow  water. 

1.4.  Superstructure  Rigidity 

One  would  underline  that  the  bridge  deck  has  very  great  rigidi 
ty  in  the  horizontal  nlane.  It  is  presumed  that  the  bridge  deck  syn 
chronizes  the  vibrations  of  the  whole  row  of  piles.  Of  course,  due 
to  the  large  lenght  of  the  row,  the  bridge  deck  is  not  practically 
infinitely  rigid.  Fig. 2.  The  prerequisite  that  all  piles  are  vibra¬ 
ting  in  the  y-direction  is  supoosed,  when  the  deck  is  taken  as  ab¬ 
solutely  rigid.  Otherwise,  the  phase  displacements  of  the  consequ¬ 
ent  pile  vibrations  must  be  taken  into  account. 


rig. 2.  Rigidity  of  the  superstructure. 

1.5.  Indices 

The  row  piles  are  identified  by  the  running  index  ,js1 ,2, 3, . . .  . 
The  index  s  denotes  the  oile  considered. 

1.6.  Co-ordinates 

The  investigations  «r°  mads  in  local  cylindrical  co-ordinates 
(r  ,0  ,x) ,  obtained  from  the  rectangular  ones  by  the  transforms, 

Fi|.3?, 

rs  =  ys  4  zs  '  °s  °  arctg(zs/ yg).  (1) 

An  arbitrary  point  S  of  the  liquid  stratum  can  he  identified  by  the 
co-ordinates  of  an  arbitrary  of  the  local  systems,  i.e.  one  can  wri¬ 
te  S  =  S(r . ,0 . ,x, t) ,  j  =  1,2,...  .  Then  the  investigator  will  need 
the  transforms  (j->s),  Fig.  3,, 

•r2  =  r?  +  (  Js-  j  ja)‘2  +  2r.  ( |  s-jl  a)  cosQ  . ,  0  °arcsin(r./r  )sin0..  (2) 

5J'  J  )  S  JSJ 
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1.7.  Water 

The  water  is  assumed  to  be  compressible  with  sound  velocity 
c~1450  m/s  (at  20°C).  Besides  that.it  is  assumed  to  be  ideal, 

1.8.  Short  Review 

The  structures  of  the  type  under  consideration  have  been  the 
object  of  scientific  investigations  for  a  long  time  [1-8,  etc.J, 
but  the  systematic  investigation  cf  their  interaction  with  the  li¬ 
quid,  in  which  they  are  vibrating,  is  far  from  being 'closed.  Usual¬ 
ly  with  the  help  of  the  solution  for  one  shell  (or  pile)  [6,9-13] 
the  solutions  for  groups  of  components  have  been  constructed. 

In  Ref.[6]  the  following  approach  is  accepted:  (i)  a  solution 
is  obtained  for  a  group  of  two  components  vibrating  along  the  main 
axes  of  the  group:  (ii)  then  follows  a  solution  for  a  group  of  two 
components,  but  vibrating  in  one  arbitrary  direction:  (iii)  each  of 
the  two  components  in  the  group  is  vibrating  in  its  own  direction: 
(iv)  vibrations  in  arbitrary  directions  of  more  than  two  arbitrari¬ 
ly  disposed  vertical  shell-piles.  This  logical  scheme  has  large  ge¬ 
nerality  and  permist  the  construction  of  the  solutions  for  arbitra¬ 
rily  disposed  groups  of  supports.  In  Ref. [10-12]  the  problem  on  the 
hydroelasticity  of  a  two-component  group  is  developed  fully.  In  Ref. 
[l3]  the  infinite  row  of  piles  is  considered.  The  method  of  succes¬ 
sive  approximations  was  suggest  first  in  Ref.[l4]  for  the  vibrati¬ 
ons  of  inner  tubes  of  nuclear  reactor  vessel  and  in  Ref.[l5]  for 
the  external  problem.  Refs. [16, 17]  are  connected  and  contain  estima¬ 
tions  of  the  "influence  matrix"  for  a  semi-infinite  row  of  piles. 

Here  some  books  and  articles,  characteristic  of  the  Russian 
School  on  hydroelasticity  of  offshore  structures  are  referred  to. 
They  include  the  fundamental  works  of  Ishkov[l] ,  Kulmatch [1 8] ,  Has- 
kind[3],  Sheinin[5]. 

Comparatively  full  reviews  on  the  corresponding  stages  the  cu¬ 
rious  reader  can  find  in  the  special  reviews  of  Wiegel[7],  Wootton 
[19],  Shaw[20]  ,Plate[2l],  edited  by  Naudascher[22]  ,  and  Naudascher  8 
Rockwell[23] ,  as  well  as  in  Brebbia  8  Walker's  book[24]  . 

2.  THE  PROBLEM 

2.1.  Excitations 

The  wave  loadings  onto  the  offshore  structures  have  a  very  lar¬ 
ge  frequency  spectrum.  Any  of  the  perturbation  frequencies  periodi¬ 
cally  may  be  found  to  coincide  with  the  natural  frequencies  of  an 
arbitrary  part  of  the  structural  components.  In  such  cases,  because 
of  the  response  phenomena,  the  full  dynamical  analysis  of  the  li¬ 
quid-structure  interaction  is  necessary.  As  the  structural  natural 
frequency  spectrum  is  a  discrete  one,  the  uniform  spectrum  of  spe¬ 
cial  excitations  of  the  water  wave  fields  (explosive,  earthquake, 
etc.),  will  be  filtered  by  the  structure.  Hence,  always  the  resonan¬ 
ce  picture  described  above  will  exist. 
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2.2.  Transient  or  Stationary  Excitations? 

The  problems  of  the  interaction  between  the  incident  wave  fi¬ 
eld  and  the  system  of  cylindrical  components  occur  in  the  array  de¬ 
sign,  There,,  however,  as  in  the  majority  of  the  previous  papers  of 
the  first  of  the  authors,  the  incident  field  is  approximated  by  a 
system  of  stationary  waves  and  the  interaction  between  the  structu¬ 
re  and  the  field  is  considered  as  a  stationary  process.  This  is  do¬ 
ne  with  the  purpose  of  simplifying  the  interpretation  of  the  prob¬ 
lem.  But  these  solutions  are  exceptionally  voluminous  and  cumberso¬ 
me  for  an  analytical  solution  and  very  difficult  for  computing.  The 
reasons  are  earlier  discussed,  but  the  most  important  are:  (1)  in¬ 
finite  sequence  of  Bessel's  functions,  which  are  slowly  converging, 
and  (2)  infinite  algebraic  systems  with  coeficients  expressed  in 
Bessel's  functions,  which  are  difficult  jto  be  solved  (even  by  a  com¬ 
puter).  Another  important  reason  is,  that  for  stationary  disturban¬ 
ces,  a  stationary  process  of  vibration  is  obtained  an  infinitly 
long  time  after  the  begining  of  the  interaction,  while  in  real  life 
most  interest  is  very  often  precisely  in  the  unstationary  processes 
commencing  from  the  start  of  the  application  of  the  disturbing  load. 
All  this  presupposes  the  search  for  another  approach  for  the  solu¬ 
tion  of  the  hydroelastic  problem  in  cases  of  impulsively  initiated 
loadings . 

2.3.  Incident  Field  Spectra 

It  is  further  assumed,  that  far  from  the  structure  under  con¬ 
sideration,  a  source  of  impulsively  excited  acoustical  field  is  dis¬ 
posed.  The  plane  waves  in  the  water  attact  the  Dile-shel.l  row  of 
the  scaffold  bridge.  Let  the  incident  field  be  representable  in  ge¬ 
neral  form 

oo 

tpo ( s , t )  =  2  cm(f)  *m(s)  nw  mt)  ,  o<t<f,  o) 

where  S  =  S(x,y,z)  =  S(r.,8.,x)  is  a  point  of  tne  liquid  stratum) 
is  a  function  of  the  ^pa4ial  co-ordinates)  T-time  function)  t  - 
time)(om  -  mth  circular  frequency  of  the  spectrum  performing  the  lo¬ 
ading)  mf  “  w  _./2  n  ,  [f]  »  Hz)  C  (f )  -  Fourier's  transform  of  the  in¬ 
cident  field. m  m 

Skudrzyk  in  his  book  ^25]  shows  more  than  ten  characteristic 
impulses,  the  corresponding  resulting  spectra  n(f),  and  their  phase 
characteristics.  The  prerequisite  that  the  characteristic  time  t  of 
the  impulse  action  is  well  accented  will  furthemore  he  taken  into 
account.  Evidently,  this  will  give  rise  to  a  discrete  spectrum  of 
Fourier's  transformants.  On  Fig. 4.  four  impulses  with  accented  time 
interval  t“  are  shown. 


Ui  (t)  =  p0  [l-(t/t*  )] 


U2  ( t  )=p0  f1  -2(  t/t*  ) +  ( t /t"  )2] 


U3 (t)=p0exp(-t/t# ) 


(t)  =  oQ  [exp(-t/t*  )-e"‘  ] 


Fig. 4.  Characteristic  burst  impulses  [is] . 
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(4) 


Their  spectra  are: 

C1m”  po/tn'n  »  C2m*  p0(mir/l*m*7r*)  “• 

C3m*  C4m"  ^'^Pols  /  1  +  4mlff*  H 

if  u  *  2mit /t*  and  pQ  is  characteristic  pressure. 

Then  the  general  solution  will  bB  a  sum  of  all  harmonics,  or  of 
several  of  them,  thus  providing  the  main  part  of  the-  solution.  All 
previous  problems,  sonsidering  stationary  excitation  have  been  based 
on  the  same  idea.  However,  as  these  solutions  are  of  a  stationary 
type  they  retain  all  difficulties  we  accounted  above. 

The  puppose  of  the  present  investigation  is  to  give  a  simpler 
and  more  convenient,  hut  at  the  same  time  sufficiently  exact  method 
to  determine  the  structural  behavior  in  case  of  the  aforementioned 
types  of  wave  loading. 

2.4.  The  Idea. of  Successive  Approximations 

The  icJea  of  the  successive  approximations,  applied  previously 
to  solve  the  analogous  problem  in  the  closed  volume  of  reactor  ves¬ 
sel  [14],  solves  the  problem  here.  The  difference  (here)  is  that 
the  problem  is  expressed  in  Honkel's  functions  and  the  problem  is 
the  outside  one.  The  possibility  of  representing  the  total  wave  fi¬ 
eld  as  a  sum  of  three  fields  is  used.  They  are:  (i)  the  incident 
one*  (ii)  the  scattered  field  (considering  the  cylindrical  structu¬ 
ral  components  as  absolutely  rigid  obstacles)*  and  (iii)  the  field 
due  to  the  structural  components  emission,  considering  their  elas¬ 
tic  vibration  (as  really  are  not  absolutely  rigid). 

Firstly,  the  shells  are  considered  as  absolutely  rigid,  and 
the  scattered  field  due  to  the  incident  wave  is  determined.  At  the 
next  step,  the  field  determined  on  the  previous  step  as  a  scattered 
one,  is  now  used  as  the  incident  field.  For  the  neighbouring  struc¬ 
tural  components  the  scattered  field  is  determined.  On  each  succes¬ 
sive  step  as  an  incident  wave  5s  taken  the  determined  scattered  fi¬ 
eld  of  the  orevious  step.  All  this  procedure  can  be  repeated  till 
the  precision  sought  has  been  reached  [14] .  The  main  advantage  of 
this  method  is  that  for  every  approximation  the  independent  equati¬ 
ons  are  obtained,  and  only  two  unknown  constant?  must  be  determined. 
Of  course,  they  are  complex  constants,  but  thei ^  are  not  any  great 
difficulties  for  their  determination. 

As  a  consequence  of  both  fields  (the  incident  and  the  scatte¬ 
red),  the  structural  components  will  be  loaded  by  forces  due  to  the 
hydrodynamical  pressure.  They  will  start  to  move  and  to  emit  additi¬ 
onal  waves  in  the  liquid.  Out  this  will  change  the  hydrodynamical 
forces.  With  the  new  forces  the  structural  motion  will  change  sligh¬ 
tly,  etc. 

In  Ref. [14]  as  a  criterion  to  stop  the  procedure,  the  compari¬ 
son  of  two  forces,  determined  by  two  successive  approximations,  war, 
used.  (Here,  the  forces  acting  onto  the  surface  of  an  arbitrary 
structural  component,  is  meant.)  Such  a  criterion  is  very  conveni¬ 
ent  because  it  has  an  integral  character.  Analogous  is  the  criteri¬ 
on  taking  into  account  the  interaction  energies  (between  an  arbitra¬ 
ry  component  and  liquid),  determined  from  two  successive  approxima¬ 
tions,  Ref. [15].  In  the  investigation  presented  here  the  first  of 
them  is  used. 

3.  ANALYTICAL  FORMULATION 

3.1.  Velocity  Potential  Function 

The  Whole  problem  will  be  investigated  in  terms  of  velocity  po¬ 
tentials.  If,  as  was  done  above,  the  incident  wave  field  is  descri¬ 
bed  in  pressure  terms,  i.e.  if  the  pressure  p  *  d  (x,y,z,t)  satis¬ 
fies  the  acoustical  equation  0 
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(5) 


Ap  -  c*p 


then  recalling  the  linear  relations 

p0*-p(  3ip0/3t  )  [  v0*  gradvfo  ]  ( 6 J 

one  can  translate  the  problem  in  the  space  of  velocity  potential 
terms.  Hence,  within  an  additive  constant,  one  can  write 


(7) 

Analogously,  the  full  velocity  potential  function,  If  ,  in  near 
vicinity  of  an  arbitrary  component  (after  every  approximation,  e.g. 
the  jth)  must  satisfy  the  acoustical  equation 

0,  [  v^»  grad  if  .  (A) 


Aife-  c*ife-  0 


A<f^  -  c  *up ^ 


3.2.  Boundary  Conditions  . 

The  boundary  conditions  for  full  determination  of  if J  are  se¬ 
parated  into  two  groups.  If  ipJ  is  a  general  velosity  potential  af 
ter  the  jth  approximation,  i.e.  if 


*P  m 


)  ^ 

m(.el) 


(9) 


£  ^m  +  £> 

X-A 

where  ip  is  incident  wave  potential,  if*  the  potential  if  the  scat¬ 
tered  field  after  the  *.th  approximation?  if*  the  potential  due 
to  elastic  vibration  after  the  x  th  approximat¥on,  then  from  the 
separation 

0„  *  t  <££  *  E  ^  :(8l,]wihv>  '  ,9'' 


*•1 


where  k  is  the  wave  number  along  the  x-axis  it  is  seen  that  the 
.m  w  -- 


conditions  along  the  x-axis  are  general  for  all  problem.  These  con- 
ditions  are 

/  3V 


3tJ 


e  ; 


3x  /x=h 


■  0 


8ip-^ 

9x 


(10) 
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On  the  moving  surfaces  I  of* the  piles,  the  general  condition 

(  n.gradlf  )r  *  vstructure  (11) 

must  be  satisfied.  It  can  be  decomposed  taking 

n.Srad[^om  ^*]s  *  0  (12) 


n.gradC^  &*{el)h 


T. 


(13) 


and  these  are  already  special  conditions  for  different  groups  of 
the  functions.  In  the  last  three  equations  n  is  an  unit  vector,  nor¬ 
mal  to  the  surface  of  the  components;  Wjis  displacement  function  over 
the  surfaces  Z  . 

Another  special  condition  which  must  be  satisfied  by  the  fun¬ 
ctions  i  < 


$  m  *  2  £^m(ell-l  T ( w  mt )  =  (♦mT(t))=*Pm 
is  Sommerfeld's  principle  (in  cylindrical  co-ordinates) 


lim  / rs  [ 

r+a>  s  *■  drs 


J 

+  x  ^ 


m  ^  m  ] 


(14) 


(15) 
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where  ipm  is  the  general  wave  number,  being  expressed  by  the  formu¬ 
la 

♦m"  t  (a,m/c)i"  km31/S  *  U  J  ?  L“ 

Obviously,  when  the  domain  considered  includes  the  source  of  the 
*$0  ~  field,  the  last  condition  will  be  satisfied  by  all  potential 
(9). 

3.3.  What  is  Sought? 

The  incident  wave  is  given.  The  dynamic  loading  of  the  structu¬ 
re  and  the  structural  motion  are  sought.  Similarly,  the  following 
are  sought!  (i)  the  displacement  of  the  vibration  spectrum  of  the 
construction!  (ii)  the  vibration  spectra  displacements  of  the  struc¬ 
tural  componentsj  (iii)  the  water  damping  (for  all  structure  and 
for  its  components).  Obviously.,  the  multitude  of  all  problems  is 
almost  innumerable. 

4.  SOLUTION 


4.1.  Spatial  or  Plane  Problem? 

It  is  better  to  decompose  suddenly  the  problem  as  follows.  Let 
the  general  velocity  potential  satisfying  the  acoustical  equation 
be  ip  .  Taking 


cpm  ■  %  (S)  X  (x)  T(t)  , 

“  m  m  m 


(17) 


and  satisfying  the  boundary  conditions  along  the  x-axis,  one  can 
transform  into  a  two-dimensional  one.  The  conditions  (10)  will  be 
satisfied  if 


(kmh).th(kmh)  =  wJmh/g  or  (kmh) . th(kmh)  «-  i^h/g  (10) 

In  the  present  investigation  only  the  first  of  the  two  conditions 
(16)  is  considered,  taking 


X,  '  ■>  cosh  (  k  x  )/cosh (  k  h). 

*  m  m 


(19) 


4.2.  P_^_  ave  Decomposition 

Le»  in-'' dent  Tie  Id  be  represented  by  a  system  of  plane 

acoustics.  wa*.  itn  circular  frequencies  <o  ■  2nm/t*.  Their  pro- 
pagatoin  direc  as  mentioned  above,  is  inclined  to  the  row  axis 

(y-axis)  at  ah  angle  8.  Then  the  incident  field  will  be 


OO  r>o 

^'Z%ruT  Z i  (i«m)Bxp[M!inr8co8(08-0).J|S|h{kax)  VmCt). 


m.O 


Vm(t)  s  C_(f)exp(i«  t),  ■  i  W  exp(io>  t). 


(20) 


As  is  well  known,  the  function  exp[ii|>mr  cos(0-0)]  is  representable 


as 


exp  [i ’J'mrscos(9s-0)]  »  Z  en(i)0;3n(  ^  mr'£.)cos  n(0_-0),  (21) 


where  3  (♦  r  )  is  Bessel’s  function,  order  n,  and  e  *1  for  n=0i 
.  _  rfn  s  n 

and  e  n=2  for  n=0, 

4.3.  Scattered  Field 

As  the  function  (cosh(kmx)/cosh(kmh) )  is  one  and  same  for  all 
stages  of  the  solution,  it  can  be  removed  from  further  consideration 
by  taking  the  problem  in  its  plane  version.  Then 

ipo  (r,6,h)  -ggen(i)Vnt*m**s)oos  (22) 
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The  scattered  field  must  satisfy  the  acoustical  equation,  and 
i,t  can  be  sought  in  the  form 

•i, 

-  2-  mra )cos  n(6_-0)T(t)  ,  (23) 

ms  “f  n  mn  n  m  s  s 

n«o 

where  is  an  integration  constant,  and  Hp\  \|imr3)  is  Hankel's 
Function  of  second  kind  and  order  n,  n*1,2,...  .  Namely  this  fun¬ 
ction  satisfies  the  Sommerfeld's  principle  (15),  i.e. 

rs  {  hi  Hn ( ^mrs >  BXP ( 1 V  ^  +  *  ♦nI‘? ( *mrS  5  exp tl<V»t)]  }-0‘  (24) 

The  unknown  constant  A*^n  can  be  determined  from  the  boundary 
condition  on  the  absolutely  rigid  surface  of  every  pile-shell  (e.g. 
the  sth  one) . 

[(  a‘Po«/3r8)  +  (  3^S/3rs)]  r  -R  “  0  ‘  (25) 


Am  -  -(i)nCm3'„ (  ’,''R)/H„(  *  R)  (26) 

mn  m  n  m  '  n  m 

and  the  scattered  field  velocity  potential  becomes 

<n<»  °Yz  f-(i)nC  ^  1  H°'(  vp  r  )  cos  n  ( 8  -  8 )  f  ( t ) .  (27) 

Vma  tg  nL  m  i^(*mR)J  n  m  S 

/«\|( 

The  asterisk  in  Eq(26)  means  that  Amn  has  been  determined  already. 
So  the  first  approximation  is  over.  After  the  incident  wave 
passed,  in  the  near  vicinity  of  every  pile  the  velocity  potential 
must  be 

(p  *  to  *  tp(l)  .  (26) 

“ms  ’  om  *  ms 

Of  cource,  the  real  part  Eq(28)  should  be  taken. 

4.4.  Second  Approximation 

The  scattered  field  (27)  will  propagate  to  the  neighbouring 
piles,  and  reaching  their  rigid  surfaces  will  give  rise  to  a  secon¬ 
dary  scattering.  Here  the  incident  field  will  be 

^  cnAm#H<21(  i|>  r.)cos  n(0s-0)T  (t)  (29) 

M  n  '"H  n  m  J  s  m 

Applying  the  summation  formulas  [26],  one  can  rewrite  this  ex¬ 
pression  in  the  sth  co-ordinate  system,  i.e. 

where  e^=1  for  A  =  0,  and  e^  =  2  for  A  =  0, 

(®js)p  "  Hn-A(  ^majs)cos81-(-1)M,(f+A(’l'majs)^  . 

(<£js)p  3  Ca(  ^m33s)sin(5>+('1)Xtt<Hn’A(  ^majs)sinSj  '  (31) 

M=1  or  2,  Bj=  ( n-\  )0  ,  Sj'tn-xJO  ,  aj  g=  1  s  -  j  I  a 


HIM 


Let  the  secondary  scattering  field  is 

V(Z  “  |^ahaWs)  KxcoSX0s+  B(^xsinxes  ]T(t) . 


(32) 


Then,  after  ths  satisfaction  of  boundary  condition  (25)  the  cons¬ 
tants  ^ 

C-  -  fj  'nO(<  *»R)(®  jl),/?'  *»R>- 

c  -  |j « >  *.*' >  (■*  s ),  *„«  >  ■ 

3X  (  'J'  R)  =  f-;1  [33X(  *r  )/3r  ]  , 

a  m  m  A  ms  srSaR 

HX(  'J'  R)  =  CW(  „ 

a  m  m  a  ms  sJrs  =  R 

A)* 


(33) 


are  obtained.  Amn  can  be  substituted  from  Eq(26),  yielding 

e  ( i )  ••r  rA^rjn^  "a  i.  /  u"nX' 

_  n  .  _  v  r-i2) ,  ~  v  \ 

Yl*0 


—  flft(  '/'mR)  Ha  (  ipmR)  ^  JS  ^ 


(34) 


O  "  2  e(i)Vi?.±^-l  (£"\  . 

n  X(  ^nRT  HA  (  ’J'mR)  V  JS  ,K 
The  Thrid  Approximation 

The  third  approximation  will  be  given  by  the  chain  of  trans- 

^(j^t(t)g2oexev{A^[(0^)icosV0s-  (^^sinvOj  3X  (  <l> 

*0(@  blsinV0s+(^js)cosVU:,X(  ^mrs ^  }’ 

ft* 

cp<3)  =T]c  HJ  ip  r  )[A(3)  cosvG  +B<3>  sinvG  ]f(t), 

Tms  V  V  sn  s  L  mv  s  nw  sJ 

'«.■$»('£(  ®  j”)1*'C('Pjs).)3»'  v)/fC'  **«'■ 

C-£ca(C(^>),-b"(®jJ),K(  ♦„*>• 


r  )+ 
m  s 


(35) 

(36) 

(37) 


A>0 


A<3>  =.yy  E  e  (i)n  3n(nm)  3a  (nm)  3*. 


(hm)  x 


tfn’(nm)  ^A(nm)  i^v  (hm) 


/*•  ./va  /  /  / 

.“.fy,,  mnr  Jnlnm)  JUnn)  ]„(nm) 


(38) 


where  ey  =  1  for  v  =  0,  and  £^“2  for  v=0»  nme  <!<mR. 
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4.6.  Convergence  of  the  flathod 

The  distributed  loading  along  the  x-axis  of  the  shells  may  be  ca 
calculated  as  follows! 

7  f  a  A 

Fsm(x)  =  -  PsmnRd.0  -  P  I^^HR.de  ,  (39) 

o  o 

where  n  is  the  unit  normal  vector  to  the  surface  of  the  column. 

It  is  seen,  from  (27),  (30),.  (38),  that  every  new  specificati¬ 
on  of  the  velocity  potential  (  q>sm)  differs  from  the  previous  one 
by  a  factor 


[0>m)/H*W)]((5  js)u  or  ft  (nn,)/H>m)  j  (<£  • 

It  is  proved  [l6],  that  for  these  factors 
^ j s , a  =  I£j  ((?  js)p  (nm)/Hv  (nm)|  »  ujs/(1-ujs)2<1»ujs 


(40) 


I  J-s|a 


Kjs,2“  |  js)„3v  (hm^/ifv  uJa/(1-u;j8)*<1. 

v-o  v  ' 

Such  factors  are  obtained  for  every  new  specification  of  the 
forces  along  the  x-axes  of  the  shells.  In  this  way,  the  force  Fj  (x) 
may  be  represented  as 


sqm 


F(  *)  ( 
sm  '■ 


1*K  +KZ  * 
sq  sq 


+  K 


(j-O 

sq 


). 


(42) 


It  is  seen,  that  the  procedure  of  calculation  is  convergent 
and  it  may  be  interrupted  at  every  step  with  a  given  precicion. 

Of  course,  in  order  to  account  for  the  mutual  influence  of  the 
shells,  it  is  necessary  to  summarize  all  potentials  (forces),  due 
to  the  interaction  between  the  shells  and  the  waves, in  the  corres¬ 
ponding  co-ordinate  system  of  any  one  shell 


4.7.  Elastic  Motion 

By  wave  forces  the  pile  under  consideration  set  in  motion  which 
in  its  turn  radiates  waves.  This  wave  radiation  carnies  away  a  mo¬ 
mentum  thds  causing  damping  of  the  pile  motion.  It  is  important  to 
estimate  this  damping  force  in  comparison  with  the  force  emitted  from 
neighbouring  piles.  It  is  not  difficult  to  prove  that  in  our  case  the 
force  due  to  the  emitted  field  is  appreciably  smaller  than  that  due 
to  the  incident  and  scattered  fields.  Therefore,  the  damping  force 
due  to  the  neighbouring  piles  can  be  neglected. 

The  equilibrium  equation  for  a  beam  element  is 


34ws  +  m32w 
3x4  3t2  Fsm^x,t^' 


(44) 


where  E  is  the  modulus  of  elasticity,  I  the  moment  of  inertia  of  the 
cross  section,  and  M  the  mass  density  per  unit  length;  w  (x,t)  are 
the  transvere  displacements.  F  (x,t)  are  the  forces  applied  along 
the  pile:  sm 

Fsm(x"t>  =  +  ^m^’  (4S) 

where  Fgm(*»T)  is  the  force  obtained  at  the  final  approximation, 

Fgm(x»t)  The  damping  force  (emitted  from  the  sth  pile).  The  pile  will 

vibrate  in  the  direction  of  the  ware  propagation,  and  following  (4) 
it  can  be  calculated  as 

Fsf„(*.,t)  -  pc»f!s..  (46) 
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The  corresponding  initial  and  boundary  conditions  are  added-  to 
Eq  (44): 

ws(x,0)=0,  3ws(x,0)/3t=0.  (47) 

In  this  case  the  structural  damping  is  neglected  in  order  to 
estimate  the  maximum  magnitude  of  F|  (x,t).  In  the  case  where  the 
structural  damping  has  to  be  taken  minto  account,  Eq  (44)  turns 
into:  2 

El  ^i  +  M  +  6^=  Ecm(x,t)  .  (48) 

3x*  3t2  9tsm 

where  ft  is  the  structural  damping.  As  it  is  well  known  the  structu¬ 
ral  damping  and  the  water  damping  are  additive. 

5.  EXAMPLE 

The  structure  in  Fig.1.  has  the  following  parameters:  , 

R=1m,  h=20m,  a=10m,  the  number  of  the  piles  is  ten,.  EI=1 ,57.10  uNm  , 
M=7863,4kg/m.  The  time  step  is  chosen  to  be  t=a/c,  c=1500m/s.  The 
incident  wave  field  is  a  single  plane  pressure  wave  of  amplitude  p0 
and  frequency  co  .  Four  examples  are  computed  taking  four  single 
waves  of  frequencies  w=ft;  1,2ft;  1,5ft;  2ft  and  of  the  same  amplitude 
p0.  The  angle  0  is  zero.  The  boundary  conditions  are 


w'" (h,t)=0,  w'(h,t)=0;  w1 

(0,t)=0,  w(0,t)=0. 

(49) 

Table 
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Fig. 5.  The  influence  -coeffici¬ 
ents 

In  Fig. 5.  and  Table  1  are  shown  the  influence  coefficients  K 
as  functions  of  the  disposition  of  the  piles  and  the  frequency  ofsc* 
the  incident  wave.  The  forces  F£(h,t)  and  F;(h,t)  are  respectively 
shown  in  Fig. 6.  and  Fig. 7.  The  computationalsprocedure  is  realized 
in  FORTRAN- IV  on  HP-1000. 

6.  CONCLUSION 

The  demonstrated  example  shows  that  the  coefficients  K  are 
much  less  than  1  and  that  they  strongly  decrease  with  increasing 
frequency  of  the  incident  wave. 

The  results  obtained  show  that  the  method  is  quickly  converging 
and,  in  this  case,  two  approximations  are  quite  enough  to  obtain 
satisfactory  solution. 

The  force  f£„  is  much  smaller  than  the  force  Fr  because  the 
sm  sm 


Fig. 6.  The  forces  Fr(h,t)  due  Fig. 7.  The  forces  F  (h,t)  due 
to  the  incident  and  to  the  emiting  field, 

scatterecl  field 

£ 

last  includes  the  incident  field.  F^  is  comparalbe  with  the  forces 
due  to  some  of  the  scattered  fieldssm/Table  1/. 
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